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FOREWORD 

The U.S. Environmental Protection Agency was established to coordinate 
administration of the major Federal programs designed to protect the quality 
of our environment. An important part of the Agency's effort involves the 
search for information about environmental problems, management techniques, 
and new technologies to optimize use of the nation's land and water resources 
and minimize the threat pollution poses to the welfare of the Anerican people. 

The Great Lakes National Program Office (GLNPO) of the United States 
Environmental Protection Agency, was established in Region V, Chicago to 
provide a specific focus on water quality concerns of the Great Lakes. The 
Great Lakes National Program Office provides funding for studies to address 
Great Lakes specific environmental concerns and to help fulfull U.S. 
commitments under the U.S.-Canada Great Lakes Water Quality Agreement of 1978. 

This report provides an analysis of fish loss data generated by the 
electric power generating industry. It is a pioneering effort to utilize 
water-body wide assessment techniques to address single industry impacts on 
specific natural resources. We hope that the information and data contained 
herein will help planners and managers of both the electric power generating 
industry and regulatory agencies make better decisions for carrying forward 
their responsibilities. 

Madonna F. McGrath 
Director 
Great Lakes National Program Office 



ABSTRACT 
. u rge volume of water is withdrawn from^U.e MicM^ga^̂  r p a c ° t ^ o f ^ u c f 

other industr ia l and municipal P " ^ P ° ^ " - ^ ' " X l y estimates the impacts of 
withdrawals have caused " " = 5 " - . / j ' ^ t . k e s o" alewife, smelt, and yellow 
entrainment and ii^Pi^gement at water i " " ^ " ^ d entrainment estimates 
perch populations of L f e Michigan^ Impingement a ^^^^^^^^^,. ,„3 ^^ le 

were based on data "l l^^^^^^.i^^fi^^l^J^'stock assessment models, the surplus 
power plants. Two conventional fishery ^ " ^ ^ / ^ g ^ g applied to assess the 
production model and the dynamic pool ^^^l' ^^^'^^ X „odel parameters, 
impacts. Fisheries data were ^ ^ ^ ^ ^ ' ^ ^ ^ " a i ^ h l b n a t selection cause high 
Movements related to fawning and sea on^l habita^ ^^^^^.^^_ I„,pingement 
variat ion in impingement and e " ^ : ™ " ,° 'g 'aphic locat ion, intake type and 
and entrainment rates were related ^o geographic ^ ^^^ ^^^^^^^ 

posi t ion, and volume of water f \ ° " - „ / ^ * ^ X standing stocks impinged and the 
entrained are large, the P ' - 0 P ° ^ t ^ ° f ° / , * 5 ^ „ f 5 " e small. The reductions in 
proportions of the eggs and larvae entrained are s-^aH _̂  ^^^^ 
biolnass assuming fu l l f ^ ^ ^ ' t a l l intakes and our estimates ^̂ ^ ^^^ ^^^^^^ ^^^ 
are predicted by the models to be: 2.86% for aiewi ie, 
0.28% for yellow perch. 
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SUMMARY 

Two factors related to water intakes have indicated the potential for 
impacts on Lake Michigan fish populations: (1) the present annual water 
withdrawal (capacity) equals -260% of the total inshore (depth <10 m) volume 
of Lake Michigan, and (2) very large numbers of fish are entrapped by water 
intakes. This study estimates the numbers (and biomass) of alewife, rainbow 
smelt, and yellow perch that were entrapped in 1975 by all water intakes on 
Lake Michigan and assesses the impacts of these losses on the three fish 
populations. 

Impingement and entrainment data collected by utilities preparing 316(b) 
demonstrations were assembled into a computer data base by Argonne National 
Laboratory. Based on the data collected between 1974 and 1976 at 16 power 
plant intakes, annual estimates were made of the losses of adults, eggs, and 
larvae at sampled and unsampled water intakes on Lake Michigan. 

Impingement and entrainment of the three species are highly variable 
processes in time and space, primarily because of population movements related 
to spawning and seasonal habitat selection. 

-In 1975 the lakewide impingement of alewife was -1.5 million kilograms; 
about 70% of this total was taken at conventional power plant intakes. 
Based on previous estimates of alewife standing crop biomass, water intakes 
impinged a maximum of 1.2% of the 1975 standing crop of alewife. Water 
intakes on the western shore of Lake Michigan and canal intakes impinged 
the highest densities (number/unit flow) of alewife. 

-Lakewide smelt impingement in 1975 was -14 thousand kilograms and 
represented a maximum of 0.1% of the standing crop biomass; about 90% of 
the lakewide smelt impingement occurred at conventional power plants. 
Water intakes on the western shore of^ Lake Michigan impinged the highest 
densities of smelt. 

-A total of -9.5 thousand kilograms of yellow perch were impinged in 1975 at 
all water intakes; no estimates of standing crop biomass of yellow perch 
were available from external sources. Approximately 60% of the lakewide 
impingement of perch occurred at conventional power plants and 40% were 
impinged in Green Bay. 

-At least 50 billion alewife eggs and one billion alewife larvae were 
withdrawn in 1975 by all water intakes on Lake Michigan. The majority of 
alewife eggs and larvae were entrained on Illinois, Indiana, and 
southwestern Michigan shores. Based on the temporal patterns of 
entrainment, it appears that planktonic alewife young are transported by 
counterclockwise currents in the southern basin of Lake Michigan and may 
"accumulate" in the southern end of the lake. 

-Lakewide entrainment of rainbow smelt eggs and larvae were estimated to be 
400 million and 50 million, respectively. As with alewife, smelt eggs and 
larvae seemed to be transported by inshore currents and subsequently 
entrained at "downstream" intakes, especially on the southern (eggs) and 
western (larvae) shores of the lake. Smelt eggs and larvae are vulnerable 
to entrainment for a longer time and by more water intakes than are alewife 



eggs and larvae, primarily because smelt have slower development times. 

-Although yellow perch eggs and larvae may have been entrained, they were 
not identified at most sampled intakes. The highest numbers were observed 
at water intakes on Green Bay and the southeastern shore of Lake 
Michigan. Approximately 40 million yellow perch eggs and 2 million yellow 
perch larvae were withdrawn in 1975 by all water intakes. 

Three factors apparently affected the impingement and entrainment of the 
three fish species at sampled water intakes: (1) geographic location; (2) 
intake type and location, and (3) water flow. Comparisons of mean densities 
(flow normalization) of each species-lifestage between all sampled intakes 
grouped by type, indicated that: 

-Canal and onshore intakes impinge more alewife/unit volume than do offshore 
open bay or offshore porous dike intakes. 

-Onshore intakes and offshore porous dikes entrain more alewife eggs/unit 
volume, while offshore open bays entrain higher densities of alewife 
larvae. 

-Canal intakes impinge higher numbers of rainbow smelt/unit volume during 
the spawning season while offshore intakes impinge higher densities during 
other periods. 

-Offshore intakes entrain more smelt eggs and larvae/unit volume in general. 

-The very heterogeneous distribution of yellow perch tended to confound the 
comparisons between intake types; however, if Green Bay intakes are 
excluded, offshore open bay intakes seem to impinge high densities of 
yellow perch. Canal and offshore open bay intakes may be equally 
destructive of perch eggs and larvae. 

-An analysis of the relationships between numbers impinged/entrained and the 
flows at sampled intakes suggests that -50% of the variability in 
impingement and entrainment of each species-life stage is attributable to 
flow, with the exception of alewife eggs where no relationship was found. 

Two mathematical models were applied to (1) describe the dynamics of the 
impacted fish populations, (2) estimate stock biomass and mortality associated 
with water withtirawal, and (3) simulate the impact of present and increased 
water withdrawals. A dynamic pool model and a surplus production model, both 
standard fishery models, were applied to assess the fish stocks. Different 
types of data were applied to estimate the parameters of the two models: the 
surplus production model relies on catch and effort (commercial fishery) data, 
whereas the dynamic pool model relies on life history data. The results 
obtained using the different models were quite similar. 

-Estimates of standing stock biomass of alewife and rainbow smelt obtained 
from the models are higher than those obtained from direct sampling of the 
populations by the Fish and Wildlife Service, but the direct estimates are 
considered minimum values. Although the biomass estimates in this study 
could be in substantial error due to parameter assumptions used in the 
models, even large errors in estimation of biomass would not significantly 

xvi 



alter the conclusions about the impacts of water withdrawal. Standing crop 
biomass estimates are listed below in the summary table. 

-Although the entrainment and impingement coefficients (rates) were low at 
most sampled intakes, the cumulative impact of total water withdrawal 
(lakewide) is approaching levels where there may be reason for concern. At 
total capacity flow for all water intakes, alewife biomass is reduced -3% 
and yield to the fishery is reduced -4%; smelt biomass is reduced -0.8% and 
yield is reduced -1%; yellow perch biomass is reduced -0.3% and yield is 
reduced -0.5%. The impacts on yield to the fishery are higher than the 
impacts on biomass. 

-The impact of impingement was found to be larger than the impact of 
entrainment, but entrainment impact is more difficult to determine. The 
impacts of impingement can be assessed using methods that are identical to 
those applied for fishery assessment and the results appear to be reliable. 

-If the reductions in standing stock biomass and yield due to water 
withdrawal are evaluated as though no other stresses are placed on these 
fish populations, the impacts are small. Alternatively, if the combined 
sources of mortality are considered (e.g., predation, fishing, and water 
withdrawal), and if the liberal stocking of salmonid fishes is taken into 
account, the mortality of alewife and smelt at water intakes could be 
viewed as a significant impact on populations that may already be stressed 
by predation from stocked salmonids. Conversely, the water intake-related 
losses of alewife and smelt biomass can be viewed as significant losses in 
the production of salmonid biomass in Lake Michigan. 

xvn 



SUMMARY TABLE 

Estimates for 1975 
Al ewi f e Rainbow Smelt Yellow Perch 

Lake Michigan Total Lake Michigan Total Lake Michigan Total Green Bay 

Maximum impingement (kg) 2.10 x 10^ 

Maximum egg entrainment (number) 7.39 x 10'" 
Maximum larval entrainment (number) 1.31 x 10^ 

Standing stock biomass (kg) 
Surplus production model 2.06 x 10^ 
Dynamic pool model 2.37 x 10^ 
U.S. Fish & Wildlife Service 1.22 x 10^ 

Percent reduction in standing stock 
Impingement 2.45 
Entrainment 0.41 
Impingement + entrainment 2.86 

Maximum sustainable yield (kg) 3.00 x 10'' 

Percentage reduction in MSY 
Impingement 3.42 
Entrainment 0.56 
Impingement + entrainment 3.98 

1.86 X lO"* 

6.15 X 108 
8.28 X 10' 

2.53 X 107 
2.47 X 10' 
1.37 X 10' 

0.46 
0.30 
0.76 

2.50 X 106 

0.71 
0.46 
1.18 

1.31 X lO-* 

4.81 X 10' 
3.26 X 106 

1.07 X 10' 
1.00 X 10' 

0.28 

7.42 X 105 

0.47 

5.00 X 103 

1.20 X 10' 
2.40 X 106 

5.21 X 106 

0.61 

3.50 X 10! 

1.03 



INTRODUCTION 

As of 1975, the combined capacity for water withdrawal by all power 
plant, industrial, and municipal water intakes on Lake Michigan exceeded 1.2 x 
1013 gal (4.8 X IQic m3) per year; this volume represents -260% of the total 
inshore water (<10 m deep) of the lake. Based on our calculations, all power 
plant intakes (including Ludington Pump-Storage) have the capacity to withdraw 
4.2 X 101° n,3 per year (230% per year) while Ludington has a capacity of 2.1 x 
IQi" m3 per year (115% per year). Although many intakes are not operated 
continuously or at full capacity, it is safe to assume that a volume equiva­
lent to the entire inshore volume is withdrawn by water intakes in less than 6 
months. 

Aside from the considerations of consumptive water use, the withdrawal of 
such large volumes of inshore water could have biological/ecological impacts 
since the inshore waters of Lake Michigan serve as spawning areas, migratory 
routes, and habitats for many species of fish that have commercial, 
recreational, and trophic importance. Free-swimming adult fishes are subject 
to entrapment by water intakes, and subsequent impingement on traveling 
screens. Immature fish (ichthyoplankton) are subject to entrapment and subse­
quent entrainment into industrial, utility or municipal process streams. 
Despite efforts to develop intake structures that reduce fish impingement and 
entrainment, no reductions in intake-related fish mortalities have been 
affected in Lake Michigan, except for external modifications such as the 
behavioral barrier placed around the Zion intake. 

Numerous species of fish are entrapped by water intakes around Lake 
Michigan and the populations of many of these fishes have fluctuated greatly 
in recent years. Numerous factors influence the dynamics of fish populations 
in Lake Michigan, not the least of which are (1) predation by piscivorous 
fishes (salmonids) and man; and (2) competition between species with similar 
niche requirements. It has been hypothesized that the added mortality of 
fishes at water intakes may constitute* a significant stress on some 
populations, but little effort has been expended to test this hypothesis. 
CDM/Limnetics [1] conducted a study which estimated the losses of adults, 
larvae and eggs of every fish species entrapped at 17 power plant intakes on 
Lake Michigan. These estimates indicated that approximately 93% of the total 
number of fish impinged were alewife (Alosa pseudoharengus), -5% were rainbow 
smelt (Osmerus mordax), and -0.5% were yellow perch (Perca flavescens). The 
total biomass impinged of each species was estimated to be 0.06% of the ale­
wife and 0.07% of the smelt standing crops in Lake Michigan in 1974; neither 
fractional mortality was considered to be stressful. 

The present study was designed to provide independent estimates of lake-
wide impingement and entrainment-related fish mortalities and an initial 
assessment of the effects of this additional mortality on the population 
dynamics of three economically important species: alewife, smelt, and 
perch. These species were chosen for study because (1) each is important in 
the fisheries of Lake Michigan, (2) alewife and smelt are critical forage 
species for the huge numbers of salmonid fishes introduced into the lake, and 
(3) each species suffers large intake-related mortalities at some or all of 
the water intakes on Lake Michigan. 

The objectives of this study were to (1) collect extant data on fish 



impingement and entrainment at sampled power plant intakes and estimate mor­
talities at all unsampled intakes, thereby developing a lakewide data base; 
(2) compare species-specific losses between intake types and locations on Lake 
Michigan; (3) compare the losses of each species with previous (1975) and 
present estimates of population standing crop biomass; and (4) simulate the 
effects of intake-related fish mortality on species' production, standing 
crop, and yield to the fishery. In all calculations, it was assumed that all 
entrapped adults, larvae and egg die, i.e., a worse case assessment. 

The impact of entrainment and impingement cannot be assessed directly. 
To determine the proportion of a population that is impinged or entrained, the 
nuraber or biomass of the impacted population must be known or estimated. 
Direct estimates of abundance are difficult and costly for large populations, 
so a mathematical model was applied to estimate fish abundances in Lake 
Michigan using commercial catch and effort data. Mathematical models also 
were applied to simulate the impact on standing stocks and yields under exist­
ing and increased water withdrawals from Lake Michigan. 

Models applied for power plant assessment have not been of the same form 
as models applied for assessment of the impact of fishing on fish 
populations. Models constructed by persons with engineering backgrounds are 
often linear compartment types that do not adequately represent the biology or 
have poorly defined biological variables that are difficult to estimate. The 
models most commonly used by biologists are of the Leslie-matrix type [2-6]. 
These models are useful for population projection and consider the population 
age structure; but application requires estimation of a large number of para­
meters that are difficult to estimate. Also, these models require specifica­
tion of compensation mechanisms and this aspect has been controversial [7]. 
Finally, this approach requires good estimates of mortality and growth for 
early life history stages. Swartzman, Deriso, and Cowan [8] have critically 
compared several models applied for power plant impact assessment. A major 
difficulty for workers in environmental impact assessment is that, typically, 
results are required at once and there is little time to gain experience with 
different methods. 

In fisheries studies three models have been developed for assessment of 
the impact of fishing. These models were developed between the late 1920's 
and early 1960's, a period of 30 years. Development of these models was slow 
and it was accompanied by the development of an understanding of the problems 
of parameter estimation and of how to work with less than a complete under­
standing of how fish populations compensate for fishing. The three models are 
usually termed the surplus production model, dynamic pool model, and spawner-
recruit model. 

Surplus production models relate the biomass and productivity of the 
stock directly to yield. These are the simplest to develop and apply, but 
many assumptions are necessary. Application to laboratory and wild fish 
populations indicates that this type of model is useful for estimation of 
population abundance and for determining the level at which a population is 
being exploited [9]. 

The dynamic pool model is now the most widely applied type for stock 
assessment. This model combines data on growth, reproduction, and mortality 
and is both flexible and easy to apply. Structurally, the dynamic pool model 



is more readily understood than the surplus production model, and it can be 
expanded easily to include new information. Application of dynamic pool 
models requires a considerable amount of information on growth and age struc­
ture. 

Spawner-recruit models have been applied in power plant impact assessment 
studies [7], but they were developed for salmon populations exhibiting clear 
spawner-recruit relationships, where data for numbers of spawners and recruits 
are obtainable. For most species, estimates of numbers of spawners and 
recruits are difficult to obtain, and no clear relationship between the number 
of spawners and the number of recruits is detectable. 

In this study both the surplus production model and the dynamic pool 
model are applied to estimate the biomass of the population, number of eggs 
produced, and number of larvae produced. These estimates are applied to 
determine the proportions of each population impinged and entrained, and then 
to estimate coefficients of entrainment and impingement. The models are 
applied to examine the impact on standing stock, biomass, and yield of fish 
populations due to present and increased rates of water withdrawal. 

The surplus production model and dynamic pool model apparently have not 
been applied for power plant assessment but several components of the dynamic 
pool model have been applied [10-13]. Application of fisheries models for the 
assessment of environmental impact takes advantage of the considerable experi­
ence gained through the assessment of the impact of fishing on fish popula­
tions. Application of the surplus production model and dynamic pool model 
together for power plant assessment gives a degree of confidence in the 
results that is not attained with application of either model alone. The two 
models are entirely different structurally and the data for parameter estima­
tion in the two models are entirely different. Close agreement between the 
results of the two simulations with different models would constitute 
"independent" corroboration of the assessment. 

For estimation of power plant-related model parameters, full design 
volume flow has been assumed and numbers and biomass entrained or impinged 
have been extrapolated to design flow conditions. 

ACQUISITION AND DEVELOPMENT OF THE DATA BASE 

Sampled Power Plants 

This study relied exclusively on extant data provided by the various 
electric utilities that conducted 316(b) studies and by federal/state resource 
agencies. Fish impingement data initially were obtained for a study of 
impingement throughout the United States [14]; entrainment data were obtained 
subsequently and added to the data base. Since variations in daily flow rates 
are common, especially at coal-fired power plants that are operated in a 
peaking mode, we obtained daily average flow rates for each of the sampled 
plants during their respective periods of impingement and entrainment 
sampling. 

The impingement and entrainment data bases exist as permanent batch-only-
accessible data sets. They reside within the large capacity pool of Itel 



7330-12 storage d isc d r i ves shared by Argonne Nat ional Labo ra to r y ' s IBM 
370/195 and IBM 3033 computer systems. S t a t i s t i c a l analyses were performed 
using the S t a t i s t i c a l Analys is System (SAS 79.2B vers ion ) [ 1 5 ] . Graphical 
output was achieved by using an i n t e r f a c e (SASMYPLT) [16 ] between the SAS 
package and the PLOTIN/MYPLOT [17 ] general purpose p l o t t i n g program. This 
i n t e r f a c e , developed by the Rad io log ica l and Environmental Research D i v i s i o n , 
r e s u l t s in the product ion of pub l i shab le q u a l i t y g raph i cs . 

Table 1 summarizes the design c h a r a c t e r i s t i c s and sampling i n t e r v a l s f o r 
16 power p lan ts and Figure 1 shows the l o c a t i o n s of these p lan ts on Lake 
Mich igan. Un fo r t una te l y , ne i t he r the sampling schedules nor the methods were 
s tandard ized among p l a n t s . Most p lan ts were sampled f o r impingement dur ing 
the major p o r t i o n o f 1975, except f o r B a i l l y , Michigan C i t y , Campbel l , 
Pa l i sades , and Big Rock; only two p lan ts (Z ion and Cook) were sampled f o r two 
consecut ive y e a r s , p rov id i ng some temporal compar ison. The most common 
schedule was to c o l l e c t an i n t e g r a t e d sample (<24 hours) every f o u r t h day; 
only one p l an t (Cook) was sampled d a i l y f o r impingement. Entra inment sampling 
was i n i t i a t e d i n 1975 a t a l l but one p l an t (Big Rock) and cont inued f o r less 
than one year a t a l l p lan ts except Cook, B a i l l y , Campbell , and Big Rock where 
a t l e a s t one f u l l year of data were c o l l e c t e d . Most p lan ts were not sampled 
f o r ent ra inment from January through March. The most common schedules o f 
ent ra inment sampling were every f o u r t h day or once per week, and most p lan ts 
were sampled in the in take st ream. 

I t i s d i f f i c u l t t o eva luate the e f f e c t s o f v a r i a b l e methods on the e s t i ­
mation o f f i s h impingement or entra inment as repor ted by the u t i l i t i e s ; we 
made no at tempt to normal ize data f o r these p o t e n t i a l sources o f va r iance . 
Murarka e t a l . [ 18 ] compared var ious impingement sampling designs and 
concluded t h a t the s t r a t i f i e d - s y s t e m a t i c scheme i s super io r t o the sys temat ic -
random sampling scheme used by most o f the u t i l i t i e s on Lake Mich igan. 

Power p l a n t data sets t h a t spanned less than one f u l l year were e x t r a p ­
o la ted to a f u l l year by assuming a l i n e a r reduc t ion from the l a s t data en t ry 
to zero a t the end o f the year and/or l i n e a r e x t r a p o l a t i o n from zero to the 
f i r s t data en t ry f o r the yea r . This procedure a l lowed the es t ima t i on o f 
annual impingement and ent ra inment values f o r a l l sampled power p l a n t s . 

I f samples were not c o l l e c t e d d a i l y ( a l l p lan ts except Cook), miss ing 
d a i l y values were est imated ( i n t e r p o l a t e d ) by means o f the f o l l o w i n g e q u a t i o n : 

^ i . s = ' ^ SR.^.) X f .^^ f o r s = 1 , j - i ( j - i > 0) 

where 

i . J J - 1 
f o r a l l j > i . 

,-th A<, Aj = observed impingeraent/entrainment rates for the i 
- impingement/entrainment value for (i+|) missing observation. 
= water intake flow rate for the (i+s)*" missing observati 

j*^ days. 



Table 1. Intake sampling and design charac te r i s t i cs for 16 sampled power plants on Lake Michigan. 

Plant (ID) 

Zion (1) 
D. C. Cook (2) 
Bailly (3) 
Michigan City (4) 
Pulliam (5) 
Kewaunee (6) 
Point Beach (7) 
Port Washington (8) 
Lakeside (9) 
Oak Creek (10) 
Waukegen (11) 
Stateline (12) 
D. Mitchell (13) 
J. H. Campbell (14) 
Palisades (15) 
Big Rock (16) 

Approx. 
MWe 

2100 
2200 
615 
715 
390 
525 
1030 
400 
345 
1670 
1100 
960 
415 
645 
840 
75 

Intake 
Design 

OOB^ 
DOB 
PD 
CNL 
CNL 
DOB 
PD 
CNL 
PD 
CNL 
CNL 
PD 
PD 
CNL 
OOB 
PD 

Maximum Flow 
(m^/yr) 

3.48 X 
3.27 X 
6.70 X 
5.97 X 
7.75 X 
8.22 X 
1.53 X 
1.09 X 
8.73 X 
2.45 X 
1.43 X 
1.65 X 
8.23 X 
5.97 X 
1.19 X 
9.55 X 

108 
109 
108 
108 
108 
108 
109 
109 
108 
109 
109 
109 
108 
108 
1080 
107 

Impingement 
Sampling Dates 

02/28/74-12/31/75 
02/01/75-12/30/76 
11/07/75-11/10/76 
12/03/75-06/28/76 
04/04/75-03/22/76 
04/01/75-03/17/76 
03/04/75-02/28/76 
03/03/75-02/25/76 
03/07/75-02/06/76 
03/04/75-02/27/76 
05;i2/75-04/28/76 
04/05/75-03/30/76 
05/03/75-04/27/76 
Jan 74-Mar 75 
Har 74-Mar 75 
Feb 74-Mar 75 

Schedule 

every 4th day 
daily 
every 4th day 
every 4th day 
every 4th day 
every 4th day 
every 4th day 
every 4th day 
every 4th day 
every 4th day 
every 4th day 
every 4th day 
every 4th day 
24 hrs/week 
24 hrs/week 
24 hrs/week 

Entrainment 
Sampling Dates 

04/16/75-09/17/75 
01/01/75-12/31/75 
11/07/75-11/10/76 

N/A'= 
04/09/75-08/27/75 
04/01/75-12/15/75 
04/18/75-10/31/75 
04/15/75-10/28/75 
05/20/75-10/29/75 
04/17/75-10/30/75 
04/16/75-09/03/75 
04/05/75-09/04/75 
05/03/75-09/20/75 
01/29/75-03/24/76 
03/27/75-02/03/76 
02/07/74-03/19/75 

Schedule 

1/week 
daily 
every 4th day 
N/A 
24 hrs/week 
1/week 
every 4th day 
every 4th day 
every 4th day 
every 4th day 
1/week 
every 4th day 
every 4th day 
24 hrs/week 
24 hrs/week 
24 hrs/week 

Location 

discharge/intake 
discharge 
discharge/intake 
N/A 
discharge/intake 
intake 
intake 
Intake 
intake 
intake 
discharge/Intake 
discharge 
dicharge/1ntake 
intake 
intake 
intake 

' OOB = of fshore open bay; PD = porous d ike ; CNL = canal. 
^ A l l p lants operate once-through except Palisades which u t i l i z e s cool ing towers. 
•- Entrainment informat ion reported for Michigan City not useful for t h i s analys is . 
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Fig. 1. Map of Lake Michigan showing locations of sampled power plants and 
statistical districts.LlJ 



This method provides a weighted linear interpolation between successive obser­
vations on impingement and entrainment variables. The impingement/entrainment 
processes are approximated by linear segments. 

Entrainment data for D. C. Cook were received in a reduced form where 
numbers of each fish group were reported as totals for irregular time 
periods. These totals were divided by the number of days in the sample 
period, thereby producing average daily values for the period. No useful 
entrainment data were obtained from the Michigan City plant; therefore, 
Michigan City was treated as an unsampled plant for entrainment calculations. 

Observed, interpolated, and extrapolated daily values were summed by 
month and year for each sampled plant. For each of the three species, numbers 
and weights impinged, and number of eggs and larvae entrained were 
calculated. These totals were termed "observed" values even though missing 
daily values were estimated by interpolation and extrapolation. Age classes 
or size distribution of impinged fishes were not reported for most power 
plants. Egg and larval categories were used for entrainment because no 
standard categories were reported by the various utilities. Some utility 
reports identified larval and "juvenile" stages; in these cases, both 
categories were considered to be larvae. 

Egg entrainment data for D. C. Cook were reported as a total for the 
three species (i.e., no egg identification was made). Species totals were 
estimated assuming 90% of the total to be alewife eggs, 4% to be smelt eggs, 
and 1% to be perch eggs [19]. A similar problem was encountered with the 
Pulliam egg entrainment data except egg diameters were reported. In this 
case, we estimated the fractional species total by assuming ranges in egg 
diameters for each species during the time periods that each would be expected 
to spawn (e.g., smelt eggs = 0.6-1.3 mm, April-May; alewife eggs = 0.6-1.3 mm, 
June-July; yellow perch = 1.6-2.3 mm, May-June). 

Using the "observed" daily data for each sampled plant, we generated the 
data base which estimates the monthly and annual totals by fish category and 
by plant for the sampling periods, based on actual flows. An "extrapolated" 
data base was generated which estimates the maximum impingement/entrainment 
losses as if all plants had operated at maximum (capacity) cooling water flow 
rate over the full year. These extrapolations were based on the ratios of 
actual/design flows. 

Unsampled Intakes 

Since the impingement/entrainment data base only represents fish losses 
at 16 of the 22 power plants on Lake Michigan and does not include estimates 
for other water intakes sited on the lake, we developed a list of all other 
intakes and their capacity flows (Table 2). Assuming capacity flow throughout 
the year, we estimated the annual impingement and entrainment values for 
unsampled intakes by multiplying the mean impingement and entrainment rates at 
all sampled plants in the same region (statistical district) by the capacity 
flows at unsampled intakes. 

Although we considered methods of estimation that would account for the 
influence of intake type and spatial heterogeneity in fish abundances, the 
extant information on unsampled intakes [20] is not very descriptive of design 



2 . L o c a t i o n s and d e s i g n f l o w s o f unsampled wa te r I n t a k e s on Lake M i c h i g a n . ^ ^ ' ' j 

P l a n t Name P l a n t Type 

MUN 
UTI 
IND 
IND 
IND 
IND 
MM 
MUN 
KIN 
KIN 
MUN 
MUN 
MUN 
HJN 
MUN 
mn 
MUN 
MliN 
MUN 
MIN 
HM 
IND 
MUN 
IND 
INO 
HJN 
IND 
IND 
MUN 
IND 
IND 
IND 
IND 
IND 
HJN 
IND 
HUN 
IND 
UTI 
HJN 
UTI 
HJN 
IND 
MUN 
MUN 
HIH 
HIN 
MIN 
HJN 
HJN 
MUN 
HJN 
MUN 
MUN 
HJN 
HIN 
UTI 
MUN 
UTI 
IND 
IND 
MM 
MUN 
HJN 
MUN 
UTI 
MJH 
UTI 
HUN 
HJN 
HJN 
HJN 
MUN 
MUN 
HJN 
HJN 
MUN 

Sta t i s t i ca l 
D i s t r i c t 

ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
ILL 
INO 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
IND 
m 
MMI 
MHI 
MMI 
MMI 
MMI 
nd 
MK 
nc 
MW 
MMB 
MW 
M̂ e 
MW 
MH7 
MM7 
MM7 
MM7 
MM7 
MM7 
MM6 
Ml^ 
Mm 
HM4 
WB 
Mm 
UMl 
UMl 
wm 
MW 
WM4 
WMS 
UM5 
WMS 
UKE 
wre 
um 
um 
UK 
um 
UM6 
WMS 

Design 
[gal /mini 

1.389 
6,944 
1,369 
2,244 
2,778 

11,111 
2,431 
4,167 
2,083 

521 
278 

5,729 
1.319 
2,222 
2,639 

311 
5,208 

16.667 
709,023 

139 
18,055 
3,819 
1,042 
9,028 

92.361 
11,805 

749.997 
318,748 
20.833 
69,120 

2,244 
568,669 

17,361 
305,000 

5.000 
449 

1.389 
20,833 
16,667 
1,500 
3,600 
1,181 
5,000 

494 
1,391 

404 
4,200 
4.167 
1,389 
4,444 

10.903 
24,305 

5.835 
294 

7.639 
2,082 

29,668.626 
3.472 

13.194 
1,795 
1,346 
1,389 

10,764 
4 

5,555 
13.465 
9,028 

131,956 
15,260 
4,167 

116.367 
4,028 
3,125 
4,514 
2,778 

15,833 
12,068 

Flow 
(m^/m1n) 

5 
26 
5 
8 

11 
42 

9 
16 
8 
2 
1 

22 
5 
8 

10 
1 

20 
63 

2,684 
1 

68 
14 
4 

34 
350 
45 

2.839 
1,207 

79 
262 

8 
2,153 

66 
1,155 

19 
2 
5 

79 
63 

6 
14 
4 

19 
2 
5 
2 

16 
16 
5 

17 
41 
92 
22 

1 
29 

8 
112,309 

13 
50 

7 
5 
5 

41 
0 

21 
51 
34 

500 
58 
16 

441 
15 
12 
17 
11 
60 
45 

Lake City Public Water Department 
Uaukegan Water U t i l i t y 
Johns- f tnv l l le Products 
US Steel Uorks 
Johnson Outboards 
Abbott Laboratories 
City of North Chicago 
Great Lakes Nawal Station 
City of Lake Forest 
Fort Sheridan-US Army DFAE 
Highwood Water Plant 
Highland Water Plant 
Vi l lage of Glencoe 
^b^k Dalin Nbmorlal Plant 
Vi l lage of Winnetka 
Kennilworth Water F i l t r a t i o n Plant 
Wllmette Water Uorks 
City of Evanston Water and Sewer Dept 
City of Chicago Dept Water and Sewer 
John G Shedd Aquarium 
Hammond Water Dept 
Lever Bros Co 
Whiting F i l t r a t i o n Plant 
American-t%ize Prod Co 
American Oil Co-Whiting Refinery 
East Chicago Water Dept 
Inland Steel Co 
Youngstown Sheet and Tubing 
Gary-Hobart Water Corp 
Union Carbide-Linde Div 
Universal Atlas Cement 
US Steel 
Midwest Steel 
Bethlehem Steel-Burns Harbor 
Michigan City Dept of Water Works 
American Playground and Device Co 
Escanaba Min Water Ut i l i ty-Sand Point 
Mead Paper Co 
Escanaba Generating Station 
Gladstone Water Treatment 
Gladstone Generating Station 
City of f̂enominee 
Inland Lime and Stone Co 
City of Wichiana 
City of New Buffalo 
City of Bridgman 
St Joseph Water F i l t r a t i on Plant 
City of Benton Harbor Water Dept 
South Haven Water Treatment Plant 
Holland Water Treatment Plant 
Wyoming Water Treatment Plant 
City of Grand Rapids 
City of Grand Haven Water Treatment Plant 
ttjskegon Hts Water Treatment Plant 
City of t̂JSkegon Water Treatment Plant 
Ludington Water F i l t r a t i o n Plant 
Ludington Pump-Storage Fac i l i t y 
City of Traverse City 
Bayside City Light and Power Co 
Medusa Portland Cement 
Penn-Dixle Cement Corp 
^brinette Water Works 
Green Bay Water Dept 
Two Rivers Water and Light Dept 
tenltowoc Public U t i l i t i e s 
hbnitowoc Power Plant 
Sheboygan Water U t i l i t y 
Edgewater Power Plant 
City of Glendale 
City of Pt Washington F i l t r a t i o n Plant 
City of Milwaukee 
North Shore Water Commission 
Unlv of Wis-Mllwaukee-Central Plant 
Cudahy Water U t i l i t y 
South Milwaukee Water U t i l i t y 
Racine Water Dept 
Kenosha Water U t i l i t y 



and the available data on fish abundances do not have the necessary spatial 
definition. Some sampling of adult fish and ichthyoplankton in inshore waters 
was performed at each power plant required to do 316(b) studies, but the 
methods and periods of sampling were not standardized between locations. 
Consequently, utility data on fish abundances could not be compared between 
intake sites and were not useful for adjusting impingement/entrainment rates, 
based on fish abundance. 

Lakewide estimates of impingement and entrainment-related mortalities of 
alewife, smelt, and yellow perch are reported as totals for (1) all power 
plant intakes excluding the Ludington Pump-Storage Power Plant; (2) all power 
plant intakes including Ludington; (3) all other intakes; and (4) all intakes 
on Lake Michigan. These results provide the only estimates of total intake-
related fish mortalities for Lake Michigan, albeit 6 years after the fact. 

IMPINGEMENT ESTIMATES 

Alewife Impingement - Sampled Intakes 

Impingement rates of alewife at the 16 sampled power plants were strongly 
dependent on time of year and location in Lake Michigan. Maximum impingement 
of alewife occurred from May through July, with the largest numbers (1.93 x 
10'̂ ) and biomass (7.03 x 10^ kg) impinged in May (Table 3). Approximately 95X 
(1.8 X 10^) of the May 1975 impingement occurred at the Zion plant and this 
inordinately high value was the direct result of a delay in the positioning of 
a behavioral barrier (screen) around the intake [1]; in 1974, the screen was 
in place in May and the numbers of alewife impinged that month at Zion was 
~3.8 X 10^. It is evident that the high impingement rates in early summer 
reflect the inshore spawning migrations of adult alewife rather than seasonal 
changes in total cooling water flow. Likewise, the reductions in alewife 
impingement from December through March reflect the offshore movement of the 
alewife population during early winter. A -small peak in alewife impingement 
occurred in October and November prior to the winter migration offshore. 

The annual total alewife impingement at the sampled power plants was 
estimated to be 2.67 x 10^ (9.17 x 10^ kg). Almost 90% of this total was 
impinged at four of the 16 sampled power plants (Table 4 ) : 69% at Zion (1.83 
X 10^), 9% at Port Washington (2.41 x 10^), (>% at Oak Creek (1.70 x 10^), and 
^% at Point Beach (1.19 x 10^). Figures A.l.a-A.16.a (Appendix A) show the 
daily densities of alewife impinged at each sampled plant. The maximum daily 
densities were <10 alewife/1000 m^ at all plants except Zion and Port 
Washington where the maximum densities were 400 and 40 alewife/lOOO m^, 
respectively. Relatively high impingement densities (>0.1 alewife/lOOO m^) 
were sustained between April and November at five of the sampled plants: 
Zion, Waukegan, Port Washington, Point Beach, and Kewaunee. These plants have 
no common attributes other than their locations on the western shore of Lake 
Michigan. The combination of relatively high alewife densities and total 
flows resulted in the disporportionate impingement of alewife at a few plants 
on the western shore. The relatively low impingement densities at the plants 
sited on the eastern shore (Cook, Palisades, Campbell, and Big Rock) probably 
reflect a general trend toward lower alewife densities along this shore. 

The timing of the major influx of alewife (rapid increase in impingement) 



Table 3. Estimated t o t a l number and biomass o f a l e w i f e , rainbow smel t , and ye l l ow perch 
impinged each month a t a l l 16 sampled power p lan ts (1975) . 

Number Kg Number 

o c7 V inB n nn . in2 ? 10 x 10' 1.34 x lO" 2.31 x 10' 6.99 x lO' 8.20 x 10' 
' r r u ry 1 0« ' S' ! S x 0 ' 1.18 x 10^ 3.18 x 10^ 2.82 x 10' 6.80 x lOj 
H^rrh 7 8 8 X 0 ' 2 47 x 10- 7.46 x 10^ 3.05 x 10- 1.24 x 10' 3.95 x 10 9,50 x 10 
Apr 9'01 X \o« d l X 10^ ^53 x 10- 1.41 x 10^ 2.13 x 10= 5.55 x 103 3.56 x 10^ 

1.02 X 10' 1.93 X 10' 7.03 x 10^ 4.61 x 10- 5!23 X 102 7.89 x 10' 5.27 x 10' 
S e k ^ ^ x l S . l - : ^ : ^ i : 0 9 x ; S ; » : ^ : x O. . . 8 9 x l 0 3 , , j „ . 

S s t \-\i X IS' \1I: ll' l-.ii X is: : : III ]it: m ui: z Ul: ^ 
^ber 1:^5 X IS' ?:06 : lo' 3.00 x 10= 6.91 x 10- 4.46 x 10 2.03 x 10 . x 

October 1.09 x 10' 1.77 x 10' 3.74 x 10= 1.23 x 10= 6.96 x 10' 6.26 x 0 6.27 x 0 
Sovember 9.̂ 3 x 10» 1.94 x 10^ 1.92 x 10^ 4.61 x 10^ 5.42 x 0 .79 x 0 .6 x 10 
December 9.62 x 10' 2.15 x 10- 3.86 x 10' 3.48 x 10- 1.05 x 10' 1.05 x 10 1.53 x 10 

1.17 X lO'" 2.65 X 10' 9.07 x 10' 7.64 x 10' 9.63 x 10= 1.37 x 10' 3.03 x 10' 
Total 
observed 

Estimated 
annual 
total 0' 9.17 X 10' 7.69 X 10' 9.77 x 10' 1.39 x 10' 3.11 x 10' 

Table 4. Estimated total number and biomass of alewife, rainbow smelt, and yellow perch impinged 
annually at each of the sampled power plants on Lake Michigan (1975). 

Zion 
Coolt 
B a i l l y 
Michigan Ci ty 
Pu l l i am 
Kewaunee 
Po in t Beach 
Port Washington 
Lal<eside 
Oak Creek 
Waukegan 
S ta te l i ne 
M i t che l l 
Campbel 1 
Pal isades 
Big Rock 

Tota l observed 

Estimated annual 
t o t a l 

Total 1 
m' 

2.04 X 
1.32 X 
4.71 X 
1.01 X 
3.34 X 
6.70 X 
1.21 X 
5.74 X 
2.64 X 
1.64 X 
9.32 X 
1.02 X 
5.11 X 
4.17 X 
1.22 X 
8.20 X 

1.17 X 

" 

Flow 

10' 
10 ' 
10" 
10» 
10» 
10» 
10' 
10» 
10» 
10 ' 
10» 
10' 
10» 
10» 
10» 
10' 

10l» 

/ M ewi f e 
Number 

1.83 
1.73 
1.21 
1.03 
5.78 
1.79 
1.19 
2.41 
4.79 
l . /O 
7.66 
6.57 
1.46 
4.54 
3.14 
9.50 

2.65 

2.67 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

X 

10' 
10 ' 
10' 
10 ' 
10' 
10 ' 
10' 
10>> 

10-
lOb 
10 ' 
10' 
10 ' 
10-
10' 
10' 

10' 

10' 

1 

6.80 
5.11 
4.52 

(g 

X 

X 

X 

10 ' 
10 ' 
10 ' 

N/A 
2.46 
4.84 
3.74 
6.11 
1.40 
3.29 
2.80 
2.19 
3.68 
1.10 
1.22 
3.51 

9.07 

9.17 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

10-
10 ' 
10-
10-
10 ' 
10-
10-
10-
10 ' 
10 ' 
10' 
10" 

10 ' 

10 ' 

Smelt 
Number 

5.80 
4.11 
7.54 
3.23 
7.30 
1.91 
1.76 
7.79 
1.19 
4.09 
9.81 
8.55 
3.25 
5.39 
1.40 
1.28 

7.64 

7.69 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

10-
10 ' 
10 ' 
10 ' 
10' 
10-
10 ' 
10-
10' 
10 ' 
10 ' 
10 ' 
10' 
10 ' 
10' 
10 ' 

10' 

10' 

I 

2.48 
5.10 
1.70 

<g 

X 

X 

X 

10' 
10' 
10' 

N/A 
2.73 
4.75 
1.26 
8.95 
2.00 
3.76 
3.77 
2.30 
4.00 
1.07 
2.27 
2.38 

9.63 

9.77 

X 
X 

X 

X 

X 

X 
K 

X 

X 

X 
X 

X 

X 

X 

10' 
102 
10' 
10 ' 
in" 
i n ' 
i n ' 
i n ' 
in» 
10' 
i n - i 
10" 

10' 

10' 

Perch 
Number 

5.85 
1.28 
6.66 
2.89 
1.18 
2.40 
2.55 
2.62 
1.80 
1.43 
3.21 
l .?4 
5.16 
3.47 
1.10 
1.70 

1.37 

1.39 

X 

X 

X 

X 

X 

^ 
X 

X 

X 

X 

X 

X 

i n ' 
lo­
i n ' 
10 ' 
10 ' 
i n ' 
i n ' 
i n ' 
i n ' 
i n ' 
10 ' 
i n ' 
i n ' 
i n ' 
i n ' 
10' 

10' 

10' 

1 

6.90 
3.97 
4.40 

<g 

X 10' 
X 10' 
X 10' 

N/A 
2.14 
4.00 
3.90 
2.30 
3.00 
1.06 
3.80 
8.20 
4.60 
7.14 
1.13 
2.04 

3.03 

3.11 

X 10' 
X 10' 
X 10' 
X 10' 
X 10° 
X 10 ' 
X 10' 
X 10 ' 
X 10' 
X 10° 

X 10° 

X 10' 

X 10' 

10 



in the spring was highly dependent on latitudinal location. Plants on the 
southern basin of the lake experienced initial high impingement densities in 
March or April while those on the northern basin experienced alewife influxes 
during late April and May. This apparent locational effect on the timing of 
inshore migrations is undoubtedly linked to the different inshore warming 
rates between north and south locations. The Pulliam plant was somewhat 
unique in that no alewife were impinged until mid-May, indicating a complete 
absence of alewife from southern Green Bay between January and April, and a 
massive influx in May. 

Although most plants impinged very few alewife during the winter months, 
relatively high and sustained densities of alewife were impinged during winter 
at Port Washington, Waukegan, and Zion and less frequently at other plants. 
Only the Pulliam, Lakeside, Oak Creek, and Big Rock plants did not impinge 
alewife during mid-winter. Impingement totals during winter months (Table 3) 
were relatively low compared with other seasons but the indication of periodic 
inshore movements or continued inshore residence by alewife during winter is 
rather enigmatic. Table 5 summarizes the mean weights of alewife impinged 
each month and year at the sampled plants. The mean weights of alewife 
impinged during winter months were often greater than during other months, 
indicating that the largest/oldest alewife either (1) tend to precede the 
general population in the spring spawning migration, or (2) that some larger 
alewife tend to remain/migrate inshore during the winter. The mean weights of 
alewife impinged during and after the major spawning runs tended to decrease 
with time (May through November), indicating a size-related timing to the 
spawning migration or to inshore distributions of alewife. This relationship 
may be a function of size-related temperature preferences [21] and the natural 
temperature cycle of inshore waters. 

Secondary peaks in alewife impingement occurred in the fall at about half 
of the sampled plants (Figs. A.l.a-A.16.a), with no apparent effect of loca­
tion on the occurrence of this fall peak. Beginning in September 1974, 
October 1975, and September 1976 (Table &) the lakewide mean weights of 
impinged alewife decreased markedly and remained low for 2-3 months each year, 
reflecting the predominance of very small alewife (5-10 g), presumably young 
of the year (YOY). Most plants that experienced fall peaks in alewife 
impingement showed concurrent decreases in mean weights of alewife, implying 
offshore to inshore movements by YOY alewife at that time and location. 
Lakeside (Fig. A.9.a) and Zion (Fig. A.l.a) impinged substantial numbers of 
alewife in the fall of 1975, but showed minimal decreases in mean weights of 
impinged fish; however, Zion experienced a major influx of YOY alewife in the 
fall of 1974. 

Although the evidence in Table 5 is equivocal, the lakewide average 
weights of alewife may have increased between 1974 and 1976. Zion data indi­
cate an increase between 1974 and 1975, while Cook data indicate a decrease 
between 1975 and 1976. The annual mean weights of alewife impinged at each 
plant tended to range between 24 and 37 g, while those at Pulliam (42.5 g) and 
Oak Creek (19.3 g) apparently were extreme values. 

Alewife Impingement - Lakewide 

Based on the observed impingement rates at the 16 sampled power plants, 
the maximum annual lakewide impingement of alewife at all water intakes was 
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Table 5. fifean weights (g) of alewife impinged each month at 15 power plants on Lake Michigan, 1974-1976. Dashes indicate sampling but 
no alewife impinged. 

Plant (ID) 

lion (1) 

Cook (2) 

Bai l ly (3) 

Pulliam (5) 

Kewaunee (6) 

Point Beach (7) 

Port Washington (8) 

Lakeside (9) 

Oai( Creek (10) 

Waukegan (11) 

S ta te Line (12) 

Mitchell (13) 

Campbell (14) 

Pal isades (15) 

Big Rock (16) 

:: M>an Weights 
n P lan ts 

Year 

1974 
1975 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1974 
1975 
1974 
1975 
1974 
1975 

1974 
1975 
1976 

Jan 

16.2 

50.9 

32.4 

45.0 

33.1 

20.5 

37.2 

30.1 

105.7 

-
. 

-
_ 

16.2 
44.4 

Feb 

46.1 
5.4 

36.7 

13.9 

72.0 

34.0 

20.3 

53.3 

23.0 

-

32.4 

" 

_ 
39.3 
36.2 

ter 

41.2 
54.6 
30.2 
43.4 

56.5 

62.0 

-
28.2 

-
36.8 

48.9 

-22.7 

46.7 

-
36.9 
37.5 
52.7 

Apr 

40.5 
44.7 
37.6 
40.8 

43.4 

-
27.0 

36.6 

40.5 

3.5 

31.7 

35.3 
41.6 

30.7 
37.4 

43.7 

~ 

40.5 
32.9 
37.6 

Nby 

39.5 
37.0 
34.9 
30.1 

43.8 
38.6 

29.5 

32.2 

24.9 

23.9 

28.1 

31.8 

37.1 

39.1 

37.4 

30.C 

35.6 

35.6 
32.5 
37.0 

Jun 

35.3 
32.8 
24.9 
24.7 

35.9 
43.7 

32.0 

33.9 

27.2 

26.6 

19.1 

23.2 

29.1 

26.9 

27.8 

38.1 

35.7 

34.2 
29.2 
30.3 

Jul 

28.7 
27.9 
24.8 
25.4 

31.5 
49.7 

31.4 

34.6 

21.4 

38.4 

13.0 

17.1 

24.6 

26.1 

26.1 

35.2 

41.3 

32.8 
28.1 
28.5 

Aug 

28.8 
28.9 
24.5 
22.7 

25.1 
40.2 

28.7 

33.3 

31.2 

28.9 

19.3 

30.1 

16.6 

30.0 

15.2 

29.3 

37.8 

27.8 
28.3 
23.9 

Sept 

22.9 
21.1 
18.0 

6.7 

15.5 
39.4 

28.9 

23.8 

18.4 

32.0 

13.4 

19.2 

37.6 

17.9 

8.2 

-
-

15.6 
24.5 
11.1 

Oct 

23.1 
18.1 
5.2 
5.2 

6.3 
24.7 

23.4 

6.1 

6.5 

23.3 

14.9 

7.6 

22.4 

6.6 

6.4 

-
-

14.8 
14.4 

5.8 

Nov 

14.8 
31.3 
23.1 
25.1 
11.0 
24.1 

2.7 

12.3 

5.3 

2C.7 

20.5 

18.4 

8.3 

12.6 

2.1 

6.4 

-
-

10.6 
14.0 
24.6 

Dec 

29.3 
32.5 
41.4 
26.1 
23.8 

16.2 

-
32.1 

21.4 

27.0 

18.6 

2.7 

41.8 

12.0 

7.4 

-
-

18.4 
24.2 
26.1 

Annual ^tan 
Weights 

31.6 
37.1 
29.6 
26.2 

, 37.4 
i 

42.5 

) 27.6 

) ' ' • ' 

, 25.3 

29.3 

19.3 

} ' ' • ' 

. 33.6 

•) 25.6 

24.1 

J 39.0 

37.0 

26.7 
26.8 
29.9 



estimated to be 6.18 x 10^ (2.10 x 10^ kg)(Table 6). Since this estimate is 
based on the assumption that all intakes were operated continuously at maximum 
capacity, it is an over-estimate of the annual lakewide impingement. The 
total observed flow at the 16 sampled power plants in 1975 (1.17 x 10i° m^) 
was -58% of capacity flow (2.03 x lO^" m^) and probably is representative of 
annual water usage by all conventional power plants. Other intakes on Lake 
Michigan probably are operated at or near capacity flows. It follows that the 
actual lakewide impingement of alewife in 1975 was on the order of 1.5 x 10^ 
kg. Approximately 70% of the annual total alewife impingement occurred at 
conventional power plants, despite the fact only 43% of the total flow was 
used by these power plants. The reasons for this anomaly are: (1) Zion's 
inordinate impingement rate in 1975 and (2) the relatively low estimated 
density of alewife in the region of the Ludington Pump Storage Plant. 

Table 6. Estimated total numbers and biomass (kg) of alewife, smelt, and yellow perch impinged at sampled power 
plants, unsampled power plants, and municipal/industrial intakes on Lake Michigan, assuming design flow operation 

Al ewi fe Smelt 
Number Kg Number ĝ Number 

1.55 X 10-
3 .21 X 1 0 ' 
1.58 X 10-

7.56 X 1 0 ' 

1.66 X 10-

2.07 X 1 0 ' 

1.86 X 10-

3 .13 X 10 ' 
1.13 X 1 0 ' 
3 .13 X 10 ' 

1.88 X 1 0 ' 

5.01 X 1 0 ' 

1.60 X 10-

5.17 X 10 ' 

6 .70 X 10 ' 
1.14 X 10 ' 
6 .71 X 10 ' 

5 .81 X 1 0 ' 

1.25 X 10-

6 .20 X 1 0 ' 

1.31 X 10-

16 sampled power plants 2.03 x 10'° 4.53 x 10' 1.55 x 10' 1.18 x 10' 
Unsampled power plants 3.70 x 10^ 8.80 x 10' 2.35 x 10- 2.77 x 10-
Total conventational plants 2.07 x 10'° 4.62 x 10' 1.57 x 10' 1.21 x 10' 

Ludington P.S. plant 2.11 x 10'° 2.53 x 10' 7.50 x 10- 6.03 x 10-

Total all power plants 4.18 x 10'° 4.87 x 10' 1.65 x 10' 1.27 x 10' 

Total municipal/industrial 6.51 x 10' 1.31 x 10' 4.56 x 10' 8.53 x 10-

Total all intakes 4.83 x 10'° 6.18 x 10' 2.10 x 10' 1.36 x 10' 

The total annual impingement of alewife in each statistical district is 
given in Table 7. The mean densities of impinged alewife were highest in 
Illinois > WMS > WMl; all of these regions are on the western side of the 
lake. The highest total volumes of water are withdrawn in districts MM6 > 
Indiana > Illinois > MM8 although the highest numbers were impinged in 
Illinois > WMS > Indiana. Thus, no clear relationship exists between total 
flow and estimated total alewife impingement in statistical districts. 

The estimates given in Table 7 should be interpreted and used with 
caution. In statistical districts where no sampling was performed (e.g., 
MM4), the observed density from an adjacent district (MM3) was applied to 
calculate the numbers impinged (i.e., assumed density x flow = estimated 
number). In the case of unsampled intakes within districts where some 
sampling was performed, the estimates seem to be reasonable. Table 8 presents 
a comparison of our estimates for three intakes that were classified as 
unsampled (i.e., the data were not included in our data base), but actually 
were sampled. In two cases (Edgewater and Inland Steel) we overestimated the 
observed values and in the case of U.S. Steel/Gary our estimate was less than 
observed. 

Recent estimates of the alewife standing crop in Lake Michigan placed the 
minimum total biomass at approximately 122-123 x 10^ kg during 1974 and 1975 
[24] and 56.5 x 10^ [24] to 73.8 x lO^ kg [25] in 1976. The assumption of a 

13 



total of 1.5 X 10^ kg of alewife impinged at a l l water intakes in 1975 
indicates that a maximum of 1.2% of the standing crop was lost due to impinge­
ment. The reported 54% decrease in biomass between 1975 and 1976 [24] is 
similar to the trend observed in impingement density at the Cook plant, i . e . , 
a mean impingement density of 0.1319 alewife/lOOO m3 in 1975 and 0.0912 
alewife/lOOO m̂  in 1976 [19] . 

Table 7. Estimated total annual impingement of alewife at a l l water 
intakes within each s ta t is t ica l d is t r i c t on Lake Michigan (1975), 
assuming design flow operation at al l intakes. 

Dis t r ic t 

WMl 
ŵ E 
ŵ B 
UM4 
wre 
UMe 
I l l ino i s 
Indiana 
rvB 
MM7 
MH5 
MM5 
MM4 
HM3 
MNE 
MM 

Total all 
intakes 

Total Flow 
(m'l 

7.99 
0 
0 
2.39 
2.55 
2.51 
6.46 
8.10 
3.42 
7.03 
2.11 
0 
3.32 
1.02 
9.95 
9.08 

4.83 

X 10' 

X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10' 
X 10'° 

X 10' 
X 10' 
X 10' 
X 10' 

X 10'° 

Der I S ' ity 
(N/m') 

1.73 
0 
0 
7.30 
2.94 
1.03 
6.44 
4.88 
1.20 
1.20 
1.20 
0 
1.16 
1.16 
1.16 
1.16 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 
X 

X 

X 

-

10-' 

10--
10- ' 
10-' 
10- ' 
10--
10"-
10--
10--

10"' 
10-' 
10"' 
10-' 

Number 

1.38 
0 
0 
1.75 
7.48 
2.59 
4.16 
3.96 
4.10 
7.78 
2.53 
0 
3.80 
1.18 
1.20 
1.05 

6.18 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10' 

10' 
10' 
10' 
10' 
10' 
10' 
10-
10' 

10' 
10' 
10' 
10' 

10' 

kg 

5.87 X 10-
0 
0 
5.39 X 10-
1.90 X 10' 
5.01 X 10-
1.54 X 10' 
1.16 X 10' 
1.22 X 10-
1.95 X 10' 
7.50 X 10-
0 
1.00 X 10° 
4.00 X 10° 
4.00 X 10"' 
4.00 X 10° 

2.10 X 10' 

Table 8. Comparison of estimated maximum annual impingement and eptcainment 
with obsecved annual values for Edgewatec Power Plant (1975-1976) , [ ' ] Inland 
1977),i-''^J and U.S. Steel/Gary {1971)'-"' water intakes. 

values (1975) 
- , . , , , . Steel (1976-

1/Gary (1977)'-'^^' water intakes. 

Edgewater Power Plant Inland Steel U.S. Steel/Garv 
ANL Est. i!B?: ANL Est. U^. ANL Est. m¥r~ 

Alewife 7.7 X 10' 5.2 x 10' 7.3 x 10' 1.2 x 10' 5.5 x 10' 7 4 x 10' 
Rainbow smelt 2.4 x 10- 1.8 x 10' 1.6 x 10' 5.6 x 10' 1.2 x 10' 6 4 x 10-
Yellow perch 88 N/A 1.9 x 10' 3.9 x 10' 1.5 x 10' >e60 
Alewife 

eggs 2-5 X 10' 3.0 X 10' 7.7 x 10' 1.8 x 10° 5.9 x 10' 
larvae 4.4 x 10' 1.8 x 10- 6.3 x 10' 2.3 x 10' 4.7 x 10' 

Rainbow smel 

N/A 
N/A 

899' 5.7 X 10- 0 9.9 x 10' 3.0 x 10' 7.5 x 10' N/A 
larvae 1.0 x 10' 3.9 x 10' 2.8 x 10' 3.4 x 10' 2.1 x 10' N/A 

Yellow perch 
eggs , ° , „ , "''* 3.0 X 10- N/A 2.3 x 10- N/A 
larvae 3.0 x 10' N/A 3.4 x 10- N/A 2.6 x 10- N/A 

Limnetics [1] reported an estimated total of 2.08 x 10^ lbs (9.41 x 10^ 
kg) of alewife impinged at 17 power plant intakes on Lake Michigan and 
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concluded that this biomass represents ~0.064% of the standing crop biomass, 
as reported by Edsall et al. [26]. Our estimate of alewife impingement at 16 
plants (9.17 x 10^ kg) is nearly identical to that reported by Limnetics, but 
more recent estimates [24] of the 1975 standing crop biomass indicate that the 
sampled power plants impinged a maximum of 0.75% of the total alewife biomass. 

Rainbow Smelt Impingement - Sampled Intakes 

In some ways, the impingement rates of smelt were dependent on time and 
location in a fashion similar to the impingement of alewife. A peak in smelt 
impingement occurred in April, presumably during the spawning period, but 
nearly equal peaks also occurred in July and October at the sampled intakes 
(Table 3). The numerical peak in October probably reflects the inshore aggre­
gation of YOY smelt, as indicated by the relatively small increase in total 
weight impinged that month. The peak in July may have been related to 
hydrological conditions (e.g., upwelling) or some unknown interaction between 
smelt and other species, such as alewife. Although smelt impingement 
decreased during winter months, the decreases were not as pronounced as those 
observed for alewife. 

The annual total smelt impingement at the sampled intakes was estimated 
to be 7.69 x 10^ (9.77 x 10^ kg) in 1975. Four plants on the western shore of 
Lake Michigan accounted for approximately 94% of the total observed smelt 
impingement (Table 4): i.e., 53% at Oak Creek (4.09 x 105), 23% at Point 
Beach (1.76 x 10^), 10% at Port Washington (7.79 x 10'*), and 8% at Zion (5.80 
X 10"*). In general, proportionately fewer smelt were impinged at intakes on 
the southern and eastern shores of the lakes (Figs. A.l.b-A.16.b). Maximum 
daily impingement densities were on the order of <5 smelt/1000 m^ at Pulliam, 
Point Beach, and Oak Creek; at other plants the maximum densities were 
generally <1 smelt/1000 m^. 

Relatively little or no smelt impingement occurred during winter months 
at 6 of the sampled plants: Pulliam, Lakeside, Mitchell, Campbell, Palisades, 
and Big Rock. Evidence of major influxes of smelt during the spawning period 
was not as clear cut as that observed with alewife. Apparent spawning peaks 
in impingement were evident at Zion, Waukegan, Oak Creek, Stateline, Cook, and 
Campbell during March and April; and at Michigan City, Bailly, Lakeside, 
Pulliam, and Big Rock during April and May. Thus, no apparent locational 
effect was observed for the timing of the major spring impingement of smelt. 

The mean weights of smelt impinged each month at each sampled intake are 
given in Table 9. The highest monthly mean weights (30-50 g) occurred either 
in winter or spring at most plants, and often coincided with the initiation of 
spring peaks in impingement. After spring maxima, mean weights tended to 
decrease with time and, beginning in July, YOY smelt apparently predominated 
the impingement, as evidenced by mean weight ranges between 3 and 10 g for 1 
to 5 months in the late summer and fall. The monthly averages indicate a 
lakewide predominance of YOY smelt during August and September 1974 and 1975, 
and in October 1976. Although Zion and Cook data suggest increases in mean 
smelt weights between 1974 and 1976, lakewide means indicate a decrease in 
mean weight of smelt over this period. Conversely, the lakewide mean weights 
of impinged alewife may have increased slightly between 1974 and 1976 (Table 
5). Considering the extensive sampling that is represented in these data, it 
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Table 9. rtan weights (g) of smelt Impinged each rronth at 15 power plants on Lake ffichigan, 1974-1976. Dashes indicate 
sampling but no smelt impinged. 

Plant (ID) 

Zion (1) 

Cook (2) 

Ba i l l y (3) 

Pulliam 15) 

Kewaunee (6) 

Point Beach (7) 

Port Washington (8) 

Lakeside (9) 

Oak Creek (10) 

Waukegan (11) 

State Line (12) 

Mitchell (13) 

Campbell (14) 

Palisades (151 

Big Rock 116) 

z Mean Weights 
n Plants 

Year 

1974 
1975 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1975 
1976 
1974 
1975 
1974 
1975 
1974 
1975 

1974 
1975 
1976 

Jan 

38.4 

10.6 

21.6 

28.3 

5.4 

22.8 

19.5 

23.2 

27.0 

30.5 

22.7 

28.3 

-
_ 

38.4 
21.2 

Feb 

62.9 
18.5 
23.6 

3.9 

34.0 

17.1 

25.5 

18.4 

19.4 

34.3 

34.3 

33.7 

" 
_ 

62.9 
24.4 

ftr 

31.1 
50.3 
9.0 

14.4 

30.9 

37.9 
24.9 

26.8 

-
28.8 

22.6 

35.5 

23.8 

-
-
-

31.1 
28.0 
27.5 

Apr 

32.4 
32.9 
20.5 
28.4 

42.3 
37.6 

18.1 

43.8 

33.4 

-
7.1 

26.8 
26.2 

40.7 
26.7 

35.3 

16.6 

27.8 
27.5 
34.6 

fty 

27.3 

-16.7 
8.6 

11.9 
25.9 

17.1 

30.2 

26.8 

28.6 

8.8 

17.5 

31.5 

28.7 

19.5 

19.7 

22.2 
23.2 
10.3 

Jun 

24.8 

-11.1 
9.2 

7.2 

-
18.0 

26.9 

21.4 

11.9 

10.3 

10.2 

19.1 

15.3 

34.9 

29.9 
16.0 
8.2 

Jul 

24.0 
11.2 
10.2 
12.2 

3.4 
20.5 

20.0 

32.6 

6.4 

-
7.8 

4.7 

13.6 

5.7 

-

24.0 
13.3 
7.8 

Aug 

15.6 
19.5 
4.3 

19.6 

2.8 

-
20.1 

5.3 

5.4 

-
8.9 

6.9 

6.0 

6.5 

-

15.6 
9.2 

11.2 

Sept 

12.7 
21.0 

5.0 
12.9 

--
20.0 

4.9 

7.9 

-
4.6" 

8.0 

-
9.1 

-

12.7 
10.2 
12.9 

Oct 

47.9 
32.1 

1.5 
5.2 

-37.7 

25.4 

4.7 

21.5 

12.5 

14.6 

13.2 

4.7 

7.3 

-

47.9 
15.9 
5.2 

Nov 

43.1 
37.7 

7.2 
13.3 

---
24.7 

6.3 

24.5 

14.3 

11.2 

20.0 

61.8 

4.8 

7.5 

25.3 
21.3 
13.3 

Dec 

52.2 
58.2 
10.7 
13.0 
14.6 

40.0 

28.6 

8.5 

24.8 

-
16.1 

47.9 

6.0 

8.4 

28.3 

40.3 
24.0 
13.0 

Annual t̂ean 
Weights 

28.9 
50.6 
12.6 
14.1 

22.2 
37.4 

24.7 

7.2 

11.5 

18.2 

9.2 

22.0 

26.9 

12.0 

20.0 

35.3 

18.6 

27.7 
24.2 
15.8 



appears that mean weights of alewife and smelt vary as the inverse of each 
nthpr. other. 

Rainbow Smelt Impingement - Lakewide 

Assuming design (capacity) flow at all water intakes on Lake Michigan, we 
estimated the maximum lakewide impingement of smelt to be 1.36 x 10^ (1.86 x 
lO"* kg)(Table 6). Accounting for the less than capacity flows at power 
plants, we conclude that at least 1 x 10^ (1.4 x 10"* kg) smelt were impinged 
at all intakes in 1975. Recent studies of smelt annual standing crop in Lake 
Michigan estimated the minimum smelt biomass to be 13.7 x 10^ kg in 1975 and 
11.1 X 106 kg in 1976 [27]. Assuming 1.4 x 10'* kg to have been impinged at 
all intakes in 1975 and a stock of 13.7 x 10^ kg, we conclude that a maximum 
of 0.10% of the biomass was lost due to impingement. Limnetics [1] estimated 
that 17 power plants impinged 9.17 x 10^ kg of smelt in 1975, which amounted 
to 0.06X of the estimated 1974 standing crop biomass; our estimate of 9.77 x 
103 |(g for 15 po„gp plants represents 0.07% of the estimated 1975 standing 
crop. Approximately 90% of the total annual impingement of smelt occurs at 
conventional power plants, despite the fact that only 43% of the total flow 
during the sampling period was used by these plants. The relatively low 
densities of smelt on the southern and eastern shores of Lake Michigan 
probably result in low numbers impinged despite large volumes of water with­
drawn by the Ludington Pumped Storage Power Plant and municipal/industrial 
intakes in those regions. 

Table 10. Estimated total annual impingement of rainbow smelt at all 
water Intakes within each statistical district on Lake Michigan (1975), 
assuming design flow operation at all intakes. 

D i s t r i c t 

WMl 
VK 
WW 

vm 
vm 
UM6 
I l l i n o i s 
Indiana 
hWB 
MHZ 
MC 
MM5 
MM 
Me 
MK 
MMI 

Total a l l 
intakes 

Total 
(m' 

7.99 X 
0 
0 
2.39 x 
2.55 x 
2.51 X 
6.46 X 
8.10 x 
3.42 X 
7.03 X 
2.11 X 
0 
3.32 X 
1.02 X 
9.95 X 
9.08 X 

4.83 X 

Flow 

) 

108 

109 
10' 
10' 
109 
10' 
109 
108 
lO'" 

10 ' 
108 
10' 
10' 

1018 

Density 
(N/m') 

2.18 X 10- ' 
0 
0 
1.04 X 10--
9.31 X 10-5 
2.49 X 10--
2.28 X 10- ' 
1.07 X 10"' 
2.86 X 10- ' 
2.86 X 10- ' 
2.86 X 10" ' 
0 
1.56 X 10- ' 
1.56 X 10-8 
1.56 X 10-8 
1.56 X 10-8 

-

Number 

K75 
0 
0 
2.49 
2.37 
6.24 
1.48 
8.69 
9.77 
1.08 
6.03 
0 
5.20 
1.59 
1.55 
1.42 

1.35 

X 

X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

X 

10-

105 
10' 
10' 
10' 
103 
10' 
10' 
10-

101 
102 
10' 
102 

108 

Kg 

6.53 X 102 
0 
0 
2.22 X 10' 
2.73 X 10' 
6.73 X 10' 
6.23 X 10' 
1.67 X 102 
1.22 X 102 
1.90 X 10' 
7.56 X 102 
0 
1.00 X 10» 
3.00 X 10» 
3.00 X 10-1 
3.00 X 10» 

1.86 X 10-

The estimated total annual impingement of smelt in each statistical 
district is given in Table 10. The mean annual densities of impinged smelt 
(calculated as the average of all daily observations at sampled intakes within 
a district) were highest in WM6 > WM4 > WM5 > Illinois > WMl, indicating the 
relatively high abundance of smelt on the western shore of the lake. The 
apparent spatial differences in smelt distribution negate the possibility of 
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establishing a clear relationship between volume of water withdrawn (flow) and 
impingement of smelt among statistical districts. For the same reasons given 
in the discussion of alewife data, the estimates of total smelt impingement in 
each statistical district should be interpreted with caution. In the case of 
districts with sampling results, the estimates are expected to be approximate­
ly correct. Table 8 presents a comparison of our estimates for three intakes 
that were sampled, but were not included in the observed data base. Two of 
the estimates (Inland Steel and U.S. Steel/Gary) were lower than reported by 
the industries, while that for the Edgewater plant was an order of magnitude 
higher than reported by Limnetics [1]. 

The reported standing crop biomass of smelt decreased ~19% between 1975 
and 1976 [27]. A comparison of the mean annual impingement densities at the 
Cook plant between 1975 (0.0029/1000 m3) and 1976 (0.0017/1000 m^) indicates a 
decrease of ~40% in smelt abundance over this period. 

Yellow Perch Impingement - Sampled Intakes 

Numbers of yellow perch impinged at the 16 sampled intakes were greatest 
in the late fall-early winter (Table 3). Total biomass of impinged perch was 
highest in October, followed by May and November. A spawning-related peak of 
adults was impinged in May while larger numbers of other age classes were 
impinged in the late fall months. Lowest numbers and biomass of impinged 
perch occurred in the August-September and January-March periods of 1975. 

The annual total perch impingement at the sampled intakes was estimated 
to be 1.39 X 105 (3.11 ^ IQ^ kg) in 1975. Eighty-five percent of the total 
biomass and 95% of the total number of impinged perch were taken by three 
power plants (Table 4); i.e., 85% of the total number at Pulliam (1.18 x lO^); 
9% at Cook (1.28 x lO"*); and 1% at Oak Creek (1.43 x 10^). In general, few 
perch were impinged at most plants, except for those mentioned above. Maximum 
daily impingement densities were on the order of <;3 perch/1000 m^ at Pulliam 
between October-December and <1 perch/1000 m^ at Cook between October-
November. At all other plants, the maximum densities were <0.1 perch/1000 m^ 
(Figs. A.1.C-A.16.C). Winter densities of impinged perch were not consistent­
ly low and indicate substantial inshore densities in winter in some areas of 
the lake; i.e., in the southern basin and isolated areas such as Green Bay 
(Pulliam) and Pigeon Lake (Campbell). 

Yellow Perch Impingement - Lakewide 

Assuming capacity flow at all water intakes on Lake Michigan, we 
estimated the maximum lakewide impingement of yellow perch to be 5.17 x 10^ 
(1.31 X i C kg)(Table 6). Accounting for the less than capacity flows at 
power plants, we conclude that at least 3.5 x 10^ (9.5 x 10^ kg) yellow perch 
were impinged in 1975. To date, no estimates are available for the standing 
crop biomass of yellow perch in Lake Michigan. 

Approximately 60% of total annual impingement of yellow perch occurs at 
conventional power plants, while only 43% of the total flow during the 
sampling period was used by these plants. Based on the assumption that in­
shore yellow perch densities are similar between the Cook and Ludington areas, 
we estimate that the Ludington plant withdrew 1.88 x lOS yellow perch in 
1975. This value represents approximately 36% of the estimated lakewide 
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total. 

The estimated annual impingement of yellow perch in each statistical 
district is given in Table 11. The mean annual densities of impinged yellow 
perch (average of all daily observations at sampled intakes within a district) 
were highest in WMl followed by MM8 and Indiana, indicating the relatively 
high abundance of perch in Green Bay and the southeastern areas of Lake 
Michigan. The values in Tables 6 and 11 should be interpreted with caution, 
since critical assumptions were made about the relative densities of yellow 
perch in unsampled districts. However, a comparison of estimated yellow perch 
impingement with observed values at intakes that were classified as unsampled 
(no data included in data base) shows very good agreements in districts where 
sampling data were included in the data base (Table 8). 

Table 11. Estimated total annual Impingement of yellow perch at all 
water Intakes within each statistical district on Lake Michigan (1975), 
assuming design flow operation at all intakes. 

D i s t r i c t 

WMl 

wie WM3 

vm 
Mie 
WMS 
I l l i n o i s 
Indiana 
MMB 
MM7 
WB 
Mh6 
WW 
MfQ 
MM2 
MMI 

Total a l l 
Intakes 

Total 
(ra' 

7.99 X 
0 
0 
2.39 X 
2.55 X 
2.51 X 
6.46 X 
8.10 X 
3.42 X 
7.03 X 
2.11 X 
0 
3.32 X 
1.02 X 
9.95 X 
9.08 X 

4.83 X 

Flow 

) 

108 

10' 
109 
109 
109 
109 
109 
108 
101" 

10' 
108 
108 
107 

101" 

Dens' i ty 
(N/m') 

3.52 
0 
0 
2.64 
3.34 
8.67 
3.05 
1.29 
8.91 
8.91 
8.91 
0 
2.07 
2.07 
2.07 
2.07 

X 

X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

-

10--

10- ' 
10 - ' 
10- ' 
10- ' 
10-8 
10-8 
10-8 
10-8 

10- ' 
10- ' 
10 - ' 
10-7 

Number 

2.81 
0 
0 
6.31 
8.51 
2.17 
1.97 
1.04 
3.05 
1.44 
1.88 
0 
7.00 
2.10 
2.00 
t .90 

5.17 

X 

X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

X 

105 

102 
102 
10' 
10' 
10-
10-
10' 
10= 

10" 
101 
10" 
101 

105 

Kg 

5 .U X 10' 
0 
0 
1.01 X 102 
7.90 X 101 
1.61 X 102 
2.32 X 102 
6.64 X 102 
9.41 X 102 
4.00 X 101 
5.81 X 10' 
0 
1.00 X 10" 
3.00 X 10" 
2.00 X 10-1 
2.00 X 10» 

1.31 X 10-

ENTRAINMENT ESTIMATES 

Alewife Entrainment - Sampled Intakes 

The major periods of entrainment were May through August for alewife eggs 
and June through September for alewife larvae (Table 12). Peaks in total 
entrainment at the sampled plants occurred in June for both alewife eggs and 
larvae. Each month, the numbers of entrained larvae were one to two orders of 
magnitude lower than the numbers of entrained eggs. No eggs were entrained 
during the period October through March. No larvae were entrained during the 
months January through April. An estimated total of 1.11 x lOi" eggs and 2.01 
x 108 larvae were entrained at the 15 sampled intakes in 1975. The sampling 
periods probably were adequate to estimate the entrainment of alewife eggs, 
but may have been inadequate at some intakes to characterize the late summer-
fall entrainment of alewife larvae. Therefore, the annual estimate of 
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entrained larvae is almost twice that observed. 

Figures A.l.d-A.16.d show the time-dependent nature of alewife egg 
entrainment and indicate peak densities >100 eggs/m^ at Bailly, Waukegan, and 
Mitchell. Extremely low peak densities (<0.01 eggs/m^) were observed at the 
Campbell, Palisades, and Big Rock plants. Despite substantial impingements of 
alewife at Point Beach, Port Washington, Lakeside, and Oak Creek, the reported 
densities of entrained alewife eggs were uniformly low at these plants (<0.3 
m3). This anomaly is difficult to explain in view of the fact that sampled 
plants to the north (e.g., Kewaunee) and south (e.g., Zion) of this group of 
plants showed substantially higher densities of entrained alewife eggs. 

The initiation of alewife egg entrainment occurred 1-2 months after the 
initial large impingements of adults at all but one plant. At Pulliam, the 
initiation of alewife impingement lagged behind that at other plants (late May 
rather than April-May) and egg entrainment commenced almost immediately there­
after. The typical lag period between initial high impingement densities and 
egg entrainment indicates that early migrants (inshore occupants) are not 
completely gravid and become so while occupying wardier inshore waters in the 
spring. Peak larval densities (Figs. A.l.e-A.16.e) occurred 1-2 months after 
peak egg densities at most sampled intakes on the western shore of the lake 
(except Lakeside, Zion, and Waukegan) while on the southern and southeastern 
shores, the egg and larval peaks were much less separated in time. This 
apparent spatial difference may be the result of (1) accelerated growth rates 
of immature alewife in the warmer southern basin and/or (2) a net counter­
clockwise movement of inshore currents and ichthyoplankton in the southern 
basin of Lake Michigan. Peak densities of alewife larvae were >1 larvae/m^ at 
Cook and Bailly, and >0.1/m3 at Zion, Waukegan, and Mitchell. 

The estimated total numbers of alewife eggs and larvae entrained at each 
of the sampled intakes are given in Table 13. Intakes on the southern shore 
of Lake Michigan accounted for the majority of alewife eggs and larvae 
entrained by the sampled intakes. Bailly, Waukegan, Mitchell, Stateline, 
Cook, and Zion combined accounted for 96% of the total alewife eggs and 97% of 
the total alewife larvae entrained by the sampled intakes during 1975. Since 
the intakes on the western shore of the lake impinged the majority of adult 
alewife, it follows that the high entrainment densities on the southern shore 
may be the result of eggs and larvae being transported by counterclockwise 
inshore currents, and subsequently being entrained by intakes on the southern 
shore. 

Alewife Entrainment - Lakewide 

The maximum numbers of alewife eggs and larvae entrained by all water 
intakes on Lake Michigan were estimated to be 7.39 x IQi" and 1.31 x 10^, 
respectively, assuming capacity flow at all intakes (Table 14). Under these 
conditions, conventional power plants would account for approximately 54% of 
the total entrained alewife eggs, the Ludington plant would account for 8%, 
and municipal/industrial intakes for 38%. The relative percentage distribu­
tion by plant type for alewife larvae would be 28% by conventional power 
plants, 56% by Ludington, and 16% by the municipal/industrial plants. Since 
conventional power plants, as a group, typically withdraw -50% of capacity 
flows on an annual basis, and most other intakes are assumed to operate near 
capacity flow, we estimate that at least 5 x lO'" alewife eggs and 1 x 10^ 
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Table 12. 

extrapolati 

January 
February 
March 
April 

Hay 
June 
July 
August 
September 
October 
November 
December 

Estimated 

durir 
ion to 

Total observed 

Estimated annual 
total 

ig the 
1 full 

Tota' 
(r 

1.63 
1.83 
2.30 
5.54 
9.07 
9.96 
1.0b 
1.06 

l.li 
6.30 
2.67 
2.19 

7.04 

total numbers 
sampli ng per 

of alewife, rainbow 
iods at 

year for each plant 

1 Flow 
n') 

X 108 
X 108 
X 108 
X 108 
X 108 
X 108 
X 109 
X 109 
X 108 
X 108 
X 108 
X 108 

X 109 

-

all 15 
(1975). 

Alewife 
Eggs 

0 
0 
0 
8.24 
2.30 
6.17 
3.88 
1.77 
3.41 
0 
0 
0 

1.05 

l.U 

X 105 
X 108 
X 109 
X 109 
X 108 
X 105 

X 101" 

X 10'" 

smelt. 
sampled power 

Larvae 

0 
0 
0 
0 
3.63 X 
6.28 X 
5.82 X 
8.22 X 
3.56 X 
1.13 X 
8.03 X 
1.30 X 

1.33 X 

2.01 X 

105 
10' 
10' 
108 
108 
105 

102 
10' 

108 

108 

and yellow perch eqqs and 
plants; esti 

Eggs 

0 
0 
1.01 X 
5.80 X 
2.83 X 
3.41 X 
0 
0 
0 
0 
0 
0 

8.98 X 

3.10 X 

105 

in' 
10' 
108 

10' 

108 

Smelt 

mated 

Larvae 

6.00 X 
5.42 X 
4.48 X 
3.72 X 
5.44 X 
6.55 X 
2.37 X 
4.53 X 
3.72 X 
2.81 X 
9.40 X 
4.25 X 

2.06 X 

2.71 X 

in" 
10-
10-
10-
108 
105 
108 

108 
10' 
108 
105 

10-

10' 

10' 

total! 

Pel 
Eggs 

0 
0 
1.24 X 
0 
1.01 X 
5.35 X 
1.26 X 
0 
0 
0 
0 
0 

6.38 X 

6.77 X 

10-

108 
108 
10-

108 

108 

; by 

•ch 
Larvae 

0 
0 
4.49 X 105 
1.22 X 105 
2.96 X 10-

0 

6.01 X 105 

6.12 X 105 

Table 13. Estimated total numbers of alewife, rainbow smelt, and yellow perch eggs and larvae entrained 
during the sampling periods at each of the 15 sampled power plants; estimated annual totals by 
extrapolation to full year for each plant (1975). « 

zion 
Cook 
Bailly 
Michigan City 
Pulliam 
Kewaunee 
Point Beach 
Port Washington 

Lakeside 
Oak Creek 
Waukegan 
Stateline 
Mitchell 
Campbel1 
Palisades 
Big Rock 

Total observed 

Estimated annual 
total 

Total 1 
(ra') 

5.52 X 
1.30 X 
6.16 X 
N/A 
1.52 X 
5.33 X 
8.08 X 
3.42 X 
1.41 X 
8.93 X 
4.08 X 
5.26 X 
2.24 X 
3.35 X 
9.94 X 
1.07 X 

7.04 X 

-

"low 

108 
109 

10» 

108 
10" 
108 
108 
108 
108 

108 
10" 
10" 
108 

10' 
108 

109 

Al ewi f e 
Eggs 

4.73 
6.21 
3.86 
N/A 
2.93 
4.71 
4.11 
2.70 
3.07 
6.14 
2.93 
7.12 
1.51 
6.48 
0 
0 

1.05 

l.U 

X 108 
X 108 
X 109 

X 108 
X 10' 
X 108 
X 108 
X 108 
X 108 
X 109 
X 108 
X 109 
X 10-

X 10'" 

X 101" 

Lai 

4.39 
6.51 
3.80 
N/A 
4.84 
6.03 
3.31 
2.95 
6.29 
1.59 
1.18 
2.97 
7.41 
2.25 
7.00 
1.05 

1.33 

2.01 

-vae 

X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 

X 

10' 
10' 
10' 

10-
105 
105 
105 
105 
108 
10' 
108 
108 

10' 
10" 
101 

108 

108 

Sraelt 
Eggs 

4.47 
7.86 
4.14 
N/A 
6.87 
9.85 
0 
1.16 
0 
5.96 
2.73 
3.61 
2.32 
1.24 
1.40 
5.47 

8.98 

3.10 

X 10' 
X 108 
X 108 

X 105 
X 105 

X 105 

X 10-
X 10' 
X 108 
X 105 
X 102 
X 101 
X 102 

X 10' 

X 108 

Lai 

3.13 
2.91 
2.87 
N/A 
2.52 
9.45 
1.21 
2.99 
0 
4.41 
1.37 
8.07 
1.34 

• 1.49 
1.30 
1.43 

2.06 

2.71 

"vae 

X 
X 
X 

X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 

X 

X 

108 
105 
105 

lU-
108 
108 
105 

108 
105 
10-
108 
10' 
lOl 
102 

10' 

10' 

Egg-

N/A 
4.05 
1.24 
N/A 
2.32 
N/A 
N/A 
0 
N/A 
N/A 
N/A 
N/A 
N/A 
0 
0 
0 

6.38 

6.77 

X 
X 

X 

X 

X 

Pe' 

108 
10-

108 

108 

108 

rch 
Larvae 

N/A 
6.37 X 10-
1.42 X 10-
N/A 
5.17 X 108 
N/A 
N/A 
5.64 X 10' 
N/A 
N/A 
N/A 
N/A 
N/A 
0 
0 
0 

6.01 X 105 

6.12 X 105 
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alewife larvae were entrained by all water intakes on Lake Michigan in 1975. 
Table 15 shows the estimated maximum numbers of alewife eggs and larvae 
entrained in 1975 by statistical district. From these estimates, it is clear 
that the majority of alewife eggs and larvae are entrained in Illinois, 
Indiana, and MM6, the districts with the greatest water withdrawal. Our 
estimates for district MM6 (primarily the Ludington Pump Storage Plant) are 
based on the assumption that inshore densities of alewife eggs and larvae in 
that district are equal to those in district MM8, since no intakes were 
sampled in MM6. Our estimation procedure seems to yield reasonable estimats 
for "unsampled" intakes (not in our data base but observations available) in 
districts where sampling was performed (Table 8). 

The total number of alewife larvae entrained at the sampled intakes 
(Table 12) represents approximately 1.8% of the total number of eggs entrained 
by those intakes indicating a 98% mortality between egg and larval stages of 
development. Extrapolation of these values to all intakes on Lake Michigan 
(Table 14) also indicates a 98% mortality between egg and larval stages. For 
a number of reasons, thse estimates may not reflect actual mortality rates 
between the egg and larval stages of alewife in Lake Michigan. This crude 
approach assumes that (1) power plant intakes "sample" eggs and larvae at 
equal efficiencies which may not be true; and (2) the sampled intakes provided 
unbiased estimates of actual egg and larval densities in Lake Michigan 
waters. Many studies of fish population dynamics have shown that clupied 
species tend to undergo high mortality rates during the first year of life, 
and it is usually assumed that mortality from egg to adult stages exceeds 99%. 

Rainbow Smelt Entrainment - Sampled Intakes 

The major periods of entrainment were March through June for smelt eggs 
and May through November for smelt larvae (Table 12). Peaks in total entrain­
ment at the sampled plants occurred in April for eggs and in May and August 
for larvae. No smelt eggs were entrained between July and February but at 
least 3 X lO"* smelt larvae were reported each month except for January. The 
monthly totals for smelt larvae in Table 12 show a bimodal distribution with 
time (i.e., peaks in May and August) and may indicate either (1) altered 
spatial distribution of larvae over time, or (2) the existence of two or more 
separate spawning times lakewide. 

An estimated total of 3.10 x 10^ smelt eggs and 2.71 x 10^ smelt larvae 
were entrained at the 15 sampled intakes in 1975. The sampling periods were 
not initiated soon enough at some of the southern basin intakes to adequately 
characterize egg entrainment; therefore, the annual estimate of entrained eggs 
is approximately three times the observed value. Larval entrainment was 
adequately characterized during the sampling periods at most of the sampled 
intakes. 

Figures A.l.f-A.16.f show the time-dependent nature of smelt egg entrain­
ment and indicate peak densities >1 egg/m^ at the Zion and Waukegan plants in 
April. Numerous plants had peak densities >0.1 egg/m^ (e.g.. Cook, Bailly, 
Pulliam, Kewaunee, and Stateline). Extremely low egg densities and total egg 
entrainment were observed at Point Beach and Campbell, despite substantial 
impingements of smelt at these plants (Table 4). 

Smelt egg entrainment commenced about the same time as smelt impingement 
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Table 14. Estimated to ta l numbers of a lewi fe , smelt, and yellow perch eggs and larvae entrained at sampled power 
P ] J " « , unsampled power p lan ts , and munic ipa l / indust r ia l intakes on Lake Michigan, assuming design flow operation 

Total Flow Alewife ^ Smelt 
(m') Eggs Larvae Eggs Larvae Eggs 

15 sampled power plants 1.97 x l O l " 3.66 x l O i " 3.40 x 10" 4.06 x 108 6,37 , JQ? 1,57 ^ JQ? 2 54 X 108 
Unsampled power plants 9.67 x 10" 3.15 x 109 j 57 ^ JQ7 5 [Q ^ JQS 1,54 ^ JQC I .JQ , iff, ^ ^j ^ JQ* 

Total conventional plants 2.07 x lOl" 3.97 x 10l° 3.66 x 10" 4.11 x 10" 6.52 x 10' 1.67 x 10' 2.55 x 108 

Ludington P.S. plant 2.11 x 10l° 5.85 x 10' 7.30 x 108 5,99 ^ 10' 2.33 x 108 3,03 ^ IQ7 5 jg ^ JQS 

Total an power plants 4.18 x lOi" 4.56 x 10" 1.10 x 109 4,71 ^ [QB 5,75 , IQ? 4,75 ^ IQ? 3,08 x 108 
Total municipal/industrial 6.51 x 109 2.83 x lO'" 2.14 x 10" 1.44 x 10" 1.53 x 10' 6.49 x 105 i_gi ^ ipS 

Total a l l intakes 4.83 x 10 ' " 7.39 x 10 ' " 1.31 x 10' 6.15 x 10» 8.28 x 10' 4.81 x 10' 3.26 x 108 

Table 15. Estimated t o t a l annual entrainment o f a lew i fe eggs and larvae a t 
a I Z i n T ; " ' ' ^ " , , " ' ' " ' " " ' ' " s ta t i s t i ca l d i s t r i c t on Lake Wchigan ( W 5 ) assuming design flow operation at a l l Intakes. i " ' = i> 

District 

WMl 
WM2 
UM3 

urn 

I l l i n o i s 
Indiana 
MMB 

m 
MM4 

we. 
MM 

T o t a l a l l 
Intakes 

Total Flow 
(m') 

7.99 X 108 
0 
0 
2.39 X 109 
2.55 X 109 
2.51 X 109 
6.46 X 109 
8.10 X 109 
3.42 X 109 
7.03 X 108 
2.11 X IQl" 
0 
3.32 X 10' 
1.02 X 108 
9.95 X 108 
9.08 X 10 ' 

4.83 X 101" 

(N/m') 

1.44 X 10" 
0 
0 
4.86 X 10-2 
9.61 X 10- ' 
7.01 X 10-9 
3.68 X 10" 
5.18 X 10" 
2.77 X 10-1 
2.77 X 10-1 
2.77 X 10-1 
0 
0 
0 
0 
0 

-

Eggs 
Number 

1.15 X 109 
0 
0 
1.16 X 108 
2.45 X 10' 
1.76 X 10 ' 
2.38 X 1018 
4.20 X 101" 
9.47 X 108 
2.96 X 10 ' 
5.85 X 109 
0 
0 
0 
0 
0 

7.38 X 101" 

Larvae 
Density 
(N/m') 

1.99 X 10--
0 
0 
7.80 X 10--
1.66 X 10- ' 
1.66 X 10- ' 
1.66 X 10-2 
4.19 X 10-2 
3.46 X 10-2 
3.46 X 10-2 
3.46 X 10-2 
0 
9.47 X 10-9 
9.47 X 10-8 
9.47 X 10-8 
9.47 X 10-8 

-

Number 

1.59 X 105 

0 

4.24 X 108 
4.15 X 108 
1.07 X 109 
3.40 X 109 

7.30 X 109 

3.20 X 10" 
9.60 X 10" 
9.00 X 10- ' 
9.00 X 10" 

1.31 X 109 
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increased in the spring at some plants (Cook, Bailly, Pulliam, Waukegan, 
Stateline, and Big Rock), but at other plants it was delayed at least a month 
relative to the increase in impingement (Kewaunee, Port Washington, and Oak 
Creek). Since a number of plants impinged smelt over the winter months and 
the normal hatching time for smelt eggs ranges from 3-5 weeks, it is diffi(;ult 
to determine if a lag period exists between inshore migrations and spawning. 
Although egg entrainments typically were confined to less than three months at 
any plant, larval entrainment (Figs. A.l.g-A.16.g) was spread out over 6-9 
months at some plants (e.g., Kewaunee and Oak Creek). This pattern must 
result from the transport of eggs and larvae spawned at remote locations and 
from the slow development of smelt larvae into motile juveniles that are too 
large to be entrained. Thus, smelt young are vulnerable to entrainment for 
longer periods of time and by more water intakes than are alewife young. Peak 
densities of larvae were >0.1/m3 at Zion, Kewaunee, and Mitchell, and >0.01/m3 
at Bailly, Point Beach, Port Washington, and Oak Creek. Very low densities of 
smelt larvae (<0.0001/m3) were entrained at Lakeside, Campbell, Palisades, and 
Big Rock. Smelt larval densities were equal to or greater than egg densities 
at Kewaunee, Point Beach, Port Washington, Oak Creek, and Mitchell, another 
indication of long-range transport and extended vulnerability of planktonic 
smelt to entrainment. 

The estimated total numbers of smelt eggs and larvae entrained at each of 
the sampled intakes are given in Table 13. Eighty percent of the smelt eggs 
entrained by sampled intakes were taken at the Zion and Waukegan plants, while 
98% were entrained by five plants in the southern basin (Zion, Cook, Bailly, 
Waukegan, and Stateline). However, entrainment of smelt larvae was not con­
centrated in the southern basin, but was nearly equal between northern and 
southern plants taken as groups. In the north, Kewaunee and Point Beach 
accounted for 52% of the lakewide total (observed) and in the south, Zion, Oak 
Creek, Mitchell, Waukegan, and Port Washington accounted for 45% of the total 
entrained smelt larvae. This difference between egg and larval distribution 
indicates that substantial smelt spawning may be occurring on the northwestern 
shore of Lake Michigan, as well as in the southern basin. 

Smelt Entrainment - Lakewide 

The maximum numbers of smelt eggs and larvae entrained by all water 
intakes on Lake Michigan were estimated to be 6.15 x 10^ and 8.28 x 10', 
respectively, assuming capacity flows at all water intakes (Table 14). Under 
these conditions conventional power plants would account for 67% of the total 
entrained smelt eggs, the Ludington plant would account for 10%, and the 
municipal/industrial intakes would entrain 23% of the total eggs. The rela­
tive distribution of entrained smelt larvae by plant type would be 79% by 
conventional power plants, 3% by the Ludington plant, and 18% by 
municipal/industrial intakes. Under normal flow assumptions, we estimate that 
at least 5 x 10^ smelt eggs and 5 x 10' smelt larvae were entrained by all 
water intakes on Lake Michigan in 1975. The estimated maximum numbers of 
smelt eggs and larvae entrained in 1975 within each statistical district are 
given in Table 16. These estimates indicate that the majority of smelt eggs 
are entrained in Illinois while smelt larvae are heavily entrained in 
Illinois, Indiana, WM4, and WM6. The accuracy of these estimates is indicated 
by the good agreement between our estimates for "unsampled" intakes and 
observed data at those intakes for smelt eggs and larvae (Table 8). 
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Table 16. Estimated total annual entrainment of rainbow smelt eggs and larvae 
at a l l water intakes within each s ta t i s t i ca l d i s t r i c t on Lake Michigan (1975), 
assuming design flow operation at a l l intakes. 

D i s t r i c t 

UMl 
VK 
WM3 
wrn 
WW 
WM6 
I l l i n o i s 
Indiana 
MMB 
MM7 
MMB 
MM5 
MM* 
Mffi 
M̂ e 
MM 

Total all 
Intakes 

Total 
(n 

7.99 
0 
0 
2.39 
2.55 
2.51 
6.46 
8.10 
3.42 
7.03 
2.11 
0 
3.32 
1.02 
9.95 
9.08 

4.83 

1 
i ' ; 

X 

X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

X 

-low 
1 

108 

109 
109 
109 
109 
109 
109 
109 
10'" 

10' 
109 
108 
10' 

10'" 

Der IS! 
Eggs 

ity 
(N/m') 

5.14 
5.14 
2.52 
2.52 
2.16 
7.57 
7.43 
6.61 
2.84 
2.84 
2.84 
0 
4.94 
4.94 
4.94 
4.94 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

-

10-5 
10-3 
10- ' 
10-3 
10--
10-8 
10-2 
10-3 
10- ' 
10- ' 
10- ' 

10-8 
10-8 
10-8 
10-8 

Number 

4.10 
0 
0 
6.03 
5.51 
1.90 
4.80 
5.36 
9.70 
3.02 
5.99 
0 
1.64 
5.03 
4.92 
4.49 

6.14 

X 

X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 

X 

108 

108 
108 
108 
108 
10' 
108 
108 
10' 

102 
102 
10' 
102 

108 

Der 
Larvae 

is i ty 
(N/m')' 

1.37 
1.37 
1.03 
1.03 
3.99 
4.45 
4.38 
1.84 
1.10 
1.10 
1.10 
0 
1.29 
1.29 
1.29 
1.29 

X 10--
X 10--
X 10-2 
X 10-2 
X 10--
X 10- ' 
X 10"' 
X 10- ' 
X 10--
X 10--
X 10--

X 10-8 
X 10-8 
X 10-8 
X 10-8 

-

Number 

1.09 X 108 
0 
0 
2.46 X 10' 
1.02 X 108 
1.11 X 10' 
2.83 X 10' 
1.49 X 10' 
3.77 X 108 
1.44 X 10-
2.33 X 108 
0 
4.27 X 10' 
1.31 X 102 
1.28 X 101 
1.17 X 102 

8.28 X 10' 

The total number of smelt larvae entrained at the sampled intakes (Table 
12) represents approximately 9% of the total number of smelt eggs entrained at 
these intakes and indicates a 91% mortality between eggs and larvae. From 
Table 14, the lakewide estimates indicate an 87% mortality between egg and 
larval stages of development. These estimates of mortality between egg and 
larval stages of smelt in Lake Michigan should be used with caution, for the 
same reason given in the discussion of alewife egg-larvae mortality. 

Yellow Perch Entrainment - Sampled Intakes 

Yellow perch eggs were entrained between March and July, with peak 
entrainment occurring in May and June. Yellow perch larvae wre entrained 
between May and July, with major entrainment in May and June (Table 12). No 
eggs or larvae were entrained between August and February. An estimated total 
of 6.77 X 106 eggs and 6.12 x 10^ larvae were entrained at the 15 sampled 
intakes in 1975 (Table 13). Two power plants (Pulliam and Cook) accounted for 
99.8% of the total eggs and 96.6% of the total larvae entrained by the sampled 
intakes. However, it must be noted that a large fraction of the plants that 
were sampled did not identify (report) perch eggs and larvae; therefore, the 
actual distribution of immature perch may be somewhat different than that 
reflected by Table 13. 

Figures A.2.h-A.16.h and A.2.i-A.16.i show the entrainment rates 
(densities) of yellow perch eggs and larvae, respectively, at each sampled 
plant (only those plants that identified perch eggs or larvae were 
included). Of the three plants that reported yellow perch eggs, Pulliam 
recorded the highest densities (-0.3 eggs/m^), followed by Cook (~0.04 
eggs/m3), and Bailly (~0.001 eggs/m^). Although every sampled plant impinged 
some yellow perch (Table 4), Pulliam and Cook impinged ~95% of the observed 
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totals. This indicates that minor entrainment of eggs and larvae probably 
occurred at the majority of plants. 

The earliest yellow perch egg entrainment was recorded at the Bailly 
plant in March, while at Pulliam and Cook egg entrainment started in April to 
May and peaked in May to June. Yellow perch were impinged at variable rates 
prior to the egg entrainment and no clear spawning influx was evident. Larval 
entrainment began >3 weeks after the initial appearance of eggs at each of the 
three plants that recorded both eggs and larvae. Maximum densities of larvae 
were observed at Pulliam (-0.04 larvae/m^). The yellow perch larvae entrained 
by Port Washington may have been transported from the northwestern shore by 
lake currents. 

Yellow Perch Entrainment - Lakewide 

The maximum numbers of yellow perch eggs and larvae entrained by all 
water intakes on Lake Michigan were estimated to be 4.81 x 10^ and 3.26 x 10^, 
respectively, assuming capacity flows at all intakes (Table 14). Under these 
conditions, conventional power plants would account for -35% of the total 
entrained perch eggs, the Ludington plant would account for 54% of the total, 
and municipal/industrial intakes for -1% of the total. The relative distribu­
tion of yellow perch larvae by plant type would be: 78% by conventional power 
plants, 16% by Ludington, and 6% by municipal/industrial intakes. Under 
normal flow assumptions, we estimate that -4 x 10'̂  yellow perch eggs and 1 x 
106 yellow perch larvae were entrained by all water intakes on Lake Michigan 
in 1975. 

The estimated maximum numbers of yellow perch eggs and larvae entrained 
within each statistical district in 1975 are given in Table 17. These esti­
mates indicate the the majority of yellow perch eggs and larvae were entrained 
in MM6, MMI, and MM8. Unfortunately, no observations were available for 

Table 17. Estimated total annual entrainment of yellow perch eggs and larvae 
at all water intakes within each stat ist ical d is t r i c t on Lake Michigan (1975), 
assuming design flow operation at al l intakes. 

Distr ict 

um 
UH2 
UM3 

urn 
Uffi 
UM6 
I l l i no is 
Indiana 
MMB 
MM/ 
MM6 
MM5 
MM4 
MW 

we 
MHI 

Total a l l 
Intakes 

Total Flow 
(m') 

7.99 
0 
0 
2.39 
2.55 
2.51 
6.46 
8.10 
3.42 
7.03 
2.11 
0 
3.32 
1.02 
9.95 
9.08 

4.83 

X 108 

X 109 
X 109 
X 109 
X 109 
X 109 
X 109 
X 108 
X 1018 

X 10' 
X 108 
X 108 
X 10' 

X 101° 

Dens' i t y 
(N/m') 

1.51 
1.51 
N/A 
N/A 
0 
N/A 
N/A 
2.01 
1.46 
1.46 
1.46 
0 
0 
0 
0 
0 

X 

X 

X 

X 

X 

X 

-

10-
10" 

10-! 
10-
10" 
10-: 

Eggs 
Number 

2 1.21 
2 0 

0 
K/A 
0 
N/A 
N/A 

' 1.63 
' 4.98 
3 1.55 
' 3.08 

0 
0 
0 
0 
0 

4.81 

X 

X 

X 

X 

X 

X 

10' 

108 
108 
108 
10 ' 

10 ' 

Larvae 
Densi ty 
(N /m ' l 

3.04 X 1 0 " ' 
3.04 X 1 0 - ' 
N/A 
N/A 
1.14 X 10-8 
N/A 
N/A 
2.29 X 10-8 
2.51 X 10-8 
2.51 X 10-8 
2.51 X 10-8 
0 
0 
0 
0 
0 

-

Number 

2.43 
0 
0 
N/A 
2.90 
N/A 
N/A 
1.86 
8.56 
2.66 
5.28 
0 
0 
0 
0 
0 

3.26 

X 108 

X 10-

X 108 
X 10-
X 10' 
X 108 

X 108 
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intakes not included in our data base; thus, no comparisons can be made 
between our estimates for "unsampled" intakes and actual observations. 

The total number of yellow perch larvae entrained at the sampled intakes 
(Table 13) represents -9% of the total number of entrained perch eggs and 
indicates a 91% mortality. From Table 14 a lakewide estimate indicates a 93% 
mortality between egg and larval stages of development. These estimates may 
not reflect actual mortality rates between perch egg and larval stages in Lake 
Michigan. 

FACTORS AFFECTING IMPINGEMENT AND ENTRAINMENT 

Effects of Intake Type 

As of 1975, three types of water intakes were used by the electrical 
utility industry on Lake Michigan: canals (CNL), offshore open bays (OOB), 
and porous dikes (PD). Six of the 16 sampled power plant intakes are canals, 
four are offshore open bays, and six are porous dikes (Table 1). A number of 
factors, besides intake type, probably affected the obsrved impingement and 
entrainment densities at the sampled intakes: e.g., flow rate, location, and 
most important, the local inshore densities of each species/1ifestage. 
Inshore densities of most species are highly variable in space and no data 
were available that would allow corrections of observed intake densities for 
spatial differences in fish abundance (i.e., impingement/entrainment densities 
at each sampled intake could not be normalized for local abundances). Despite 
these problems, we made statistical comparisons of the lakewide mean densities 
between the three types of water intakes. Intakes of each type were sampled 
in each basin and on each shore of Lake Michigan. 

Al ewi f e 

The results of statistical comparisons' between lakewide impingement 
densities at each type of intake are presented in Table 18. Alewife impinge­
ment densities (rates) tended to be significantly higher at canal intakes in 
summer, fall, and winter, and significantly higher at offshore open bay 
intakes in spring. A similar trend was found when all sampled intakes were 
grouped into "offshore" or "onshore" locations: i.e., onshore intakes 
impinged significantly higher numbers of alewife in summer and winter, while 
offshore intakes impinged more alewife in spring. Figure 2 shows the annual 
mean densities of alewife at each of the sampled intakes, grouped by type. It 
is apparent from this arrangement of the data that (1) the Zion plant experi­
enced an inordinately high density of impinged alewife compared to other OOB 
intakes, and (2) excluding Zion from the OOB group would result in canals 
having the highest annual mean density. This indicates that the Zion site was 
relatively high in alewife abundance and that the OOB intake design (without 
the behavioral barrier-net) is not very protective of alewife. Figure 2 also 
shows that the intakes sited on the western and southern shores of Lake 
Michigan experience the highest annual impingement densities of alewife, 
regardless of the intake type. 

A statistical comparison of lakewide entrainment densities of alewife 
eggs and larvae between intake types is presented in Table 19. Canal and 
porous dike intakes entrained statistically equal mean densities of alewife 
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1 D. C. Cook 

P o r t W a s h i n g t o n 

• t ' u l l i a i n 
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Waukegan 
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Fig. 2. Mean annual densities of impinged alewife at each 
sampled intake (1975). Circles represent means for each 
intake type. 

t 10" 

Oak Creek 
Port Washington x Point Beach 

POROUS DIKE 

Fig. 3. Mean annual densities of entrained alewife eggs at 
each sampled intake (1975). Circles represent means for 
each intake type. 
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eggs while the densities entrained by OOB intakes were significantly lower. 
Onshore intakes entrained significantly higher densities of alewife eggs than 
those entrained by offshore intakes. The exact opposite relationship was 
found for alewife larvae: i.e., OOB > CNL = PD and offshore > onshore. 
Figures 3 and 4 show the mean annual densities of alewife eggs and larvae, 
respectively, entrained by each sampled intake. The apparent high abundance 
of adult alewife on the western shore of Lake Michigan (Fig. 2) is reversed 
for the entrainment of eggs and larvae: i.e., canal intakes on the western 
shore (Oak Creek and Port Washington) entrained relatively few alewife eggs 
and larvae compared to intakes sited on the southern shores. 

Table 18. Statistical comparisons between lakewide monthly mean Impingement densities of alewife, smelt, and yellow perch for 
intake locations and types.^ 

Ifcnth 

January 
February 
^Brch 
Apr i l 
» y 
June 
July 
August 
September 
October 
November 
December 

Intake 
Onshore 

A 
A 
B 
A 
B 
A 
A 
A 
A 
A 
A 
A 

3 OOB = offshore open 
b t - t e s t 
<: AOV 

A > B > C. 
n = 0.05. 

Alewife 
Locat ion" 
Offshore 

A 
B 
A 
A 
A 
B 
B 
B 
A 
A 
A 
B 

bay; OIL 

Intake lype^ 
OOB CNL PO 

AB 
B 
A 
A 
A 
B 
C 
B 
B 
B 
A 
B 

= canal 

A 
A 
h 
B 
B 
A 
A 
A 
A 
A 
A 
AB 

1; PD 

B 
B 
B 
A 
B 
B 
B 
B 
C 
B 
A 
A 

Intake 
Onshore 

B 
B 
B 
A 
B 
A 
A 
A 
A 
B 
B 
B 

= porous d ike . 

Smelt 
Location 
Offshore 

A 
A 
A 
B 
A 
B 
B 
B 
B 
A 
A 
A 

I I 

OOB 

A 
A 
A 
B 
B 
B 
B 
B 
B 
B 
A 
A 

itake 
CNL 

B 
A 
B 
A 
A 
A 
A 
A 
A 
B 
A 
A 

Type 
PD 

A 
B 
B 
B 
B 
B 
B 
B 
B 
A 
A 
B 

Intake 
Onshore 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

Yellow 
Location 
Offshore 

B 
B 
A 
B 
B 
B 
B 
B 
B 
B 
B 
B 

Perch 
In 

OOB 

B 
B 
B 
B 
B 
B 
B 
6 
B 
B 
B 
B 

Itake Type 
CNL PD 

A B 
A B 
A B 
A B 
A B 
A B 
A B 
A B 
A B 
A B 
A B 
A B 

Table 19. Stat is t ica l comparisons between lakewide annual 
mean entrainment densities of each species-l i fe stage for 
intake locations and types.^ 

Species/Stage 
Intake Location^ 

Onshore Offshore 
Intake Type^ 

OCB M. PD~ 

Alewife eggs 
Alewife larvae 
Rainbow smelt eggs 
Rainbow smelt larvae 
Yellow perch eggs 
Yellow perch larvae 

OOB = offshore open bay; 
b +_to<;+ A > B > C. 

a = 0.05. 
t - tes t -
AOV ^ 

CNL = canal; PD = porous dike. 

A different approach to the same question regarding intake-type effects 
was applied whereby regional and temporal differences in abundance were el imi­
nated by comparing monthly mean densities of a species/1 ifestage between 
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"adjacent" intakes of different designs. Tables 20, 21, and 22 present the 
statistical comparisons between alewife densities at "adjacent" intakes that 
were sampled at the same time. Alewife imingement densities (Table 20) were 
significantly higher in most months at four canal intakes (Waukegan, Port 
Washington, Oak Creek, and Michigan City) that were compared with "adjacent" 
intakes of other types. The very high alewife impingement at Zion through May 
1975 is reflected in the Zion-Waukegan comparison, but the significantly 
higher densities at Waukegan from June through December indicate the relative 
efficiency of canal intakes for entrapping alewife. 

Two of the comparisons in Table 20 are between similar "adjacent" intakes 
(2 canals and 2 porous dikes) and they clearly show that very similar intakes 
in the same region of the lake impinge alewife at significantly different 
rates at least eight months of the year: i.e.. Port Washington > Oak Creek 
for 8 out of 12 months, Stateline > Mitchell for 4 months during alewife 
spawning runs, but Mitchell > Stateline during 4 months in fall and winter. 
No explanation is apparent for the differences between the densities of ale­
wife impinged at the two canal intakes (Port Washington vs. Oak Creek) other 
than the distance of -37 miles between them. The two porous dikes (Mitchell 
vs. Stateline) are separated by -20 miles and are slightly different in that 
the Mitchell intake extends further offshore and utilizes an electric fish 
screen in the intake forebay. 

Tables 21 and 22 present the intake-pair comparisons for entrainment 
densities of alewife eggs and larvae, respectively. Only one canal and one 
OOB intake entrained consistently higher densities of eggs (i.e., Waukegan vs. 
Zion and Kewaunee vs. Point Beach). All other comparisons were equivocal 
except that Mitchell's porous dike intake rather consistently entrained more 
alewife eggs/unit volume than the porous dike at Stateline. Entrainment 
densities of alewife larvae were higher at canal intakes in late summer, while 
densities entrained by porous dikes may have been higher in early summer. The 
higher densities of larvae at Mitchell as compared to those at Stateline may 
reflect the apparent lakewide difference between offshore and onshore intakes 
(Table 19). 

In conclusion, the results of lakewide and paired intake comparisons 
indicate that, with the exception of the Zion intake operated without a pro­
tective net, canal and onshore PD intakes impinge more alewife per unit volume 
than OOB or OPD intakes. Onshore intakes, and offshore porous dikes apparent­
ly entrain more alewife eggs/unit volume, while offshore open bays entrain 
higher densities of alewife larvae. These indications may reflect the follow­
ing: (1) spawning alewife tend to be anadromous and may seek harbors, rivers, 
and canals despite reverse flow characteristics of intake canals; (2) alewife 
eggs are demersel (negatively buoyant) but remain semi-planktonic and may be 
equally vulnerable to onshore and offshore intake types; and (3) alewife 
larvae are semi-planktonic and may concentrate near the bottom in offshore 
areas where open bay intakes are located. The comparisons between similar 
"adjacent" intakes indicate the degree of spatial variability in abundances of 
adult and young alewife, and demonstrate the potential errors associated with 
comparisons of this type. 

Rainbow Smelt 

Lakewide annual impingement densities of rainbow smelt (Table 18) indi-
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Table 20. S t a t i s t i c a l comparisons of the monthly mean densi t ies (N/IOOOM of impli 
one another. Underlined densi t ies are s i g n i f i c a n t l y higher U = 0.05). 

ged alewife between d i ss im i la r and s imi la r intakes that are "adjacent" to 

Kewaunee vs. Point Beach 
04/01/75-02/28/76 
OOB 
PD 

Waukegan vs. Z1on 
05/12/75-12/31/75 
CNL 
OOB 

Lakeside vs. Port Washington 
03/07/75-02/26/76 
PO 
CNL 

Lakeside vs. Oak Creek 
03/07/75-02/06/76 
PD 
CNL 

Bailly vs. Michigan City 
12/03/75-06/28/76 
PD 
CNL 

Oak Creek vs. Port Washington 
03/04/75-02/25/76 
CNL 
CNL 

Mitchell vs. Stateline 
05/03/75-03/30/76 
PD 
PD 

January 

.00008 

.00017 

-
-

0 
.00582 

0 
0 

.00042 
0 

0 
.00582 

.00032 

.00028 

February 

.00033 

.00001 

-
-

0 
.00087 

0 
0 

.00021 

.00016 

0 
.01064 

.00045 
0 

ftrch 

-
-

-
-

0 
.00167 

0 
.00149 

.00131 

.55357 

.00133 

.00161 

0 
0 

April 

.00251 

.00021 

. 
-

.05499 

.31192 

.05499 

.13458 

.12215 
1.21574 

.13458 

.31192 

-
" 

»y 

.18628 

.73129 

2.82230 
96.09213 

.21484 
12.90111 

.21484 
2.77194 

.78674 
2.14510 

2.77194 
12.90111 

1.38272 
2.84351 

June 

.92340 
4.29441 

3.54028 
2.00108 

1.01245 
22.08029 

1.01245 
5.45543 

1.55160 
2.46038 

5.45543 
22.08029 

1.02870 
2.05157 

July 

.40736 
2.84051 

1.00764 
.37212 

.25663 
6.81306 

.25663 
3.00166 

-
-

3.00166 
6.81306 

.18293 

.48243 

August 

.35052 

.73800 

.28921 

.09750 

.05223 

.96535 

.05223 
1.06960 

-
-

1.06960 
.96535 

.01530 

.01315 

September 

.17825 

.05431 

.30037 

.13301 

.00182 

.14267 

.00182 

.15047 

-
-

.15047 

.14267 

.00121 

.02828 

October 

.23001 

.28655 

.65819 

.15247 

.00268 

.69851 

.00268 

.01571 

-
-

.01571 

.69861 

.00976 

.00154 

November 

.45843 

.54113 

.15591 

.03238 

.12590 

.27349 

.12590 

.02440 

_ 
-

.02490 

.27439 

.66217 

.00448 

December 

0 
.00021 

.04383 

.00286 

.01294 

.03304 

.01294 

.00415 

.00117 

.00244 

.00415 

.03304 

.13175 

.00052 



cate that canal intakes impinge significantly more smelt/unit volume between 
April and September, while significantly higher densities are impinged by 
porous dikes in late fall, and by offshore open bays in early spring. Off­
shore intakes, as a group, impinge significantly higher densities of smelt 
from fall to early spring, while onshore intakes impinge higher densities in 
April and summer months. Figure 5 presents the annual mean impingement densi­
ties of smelt at each sampled intake and clearly indicates the relatively high 
abundance of smelt on the western shore of Lake Michigan: i.e., regardless of 
intake type, the highest annual densities of smelt occur at intakes on the 
Wisconsin and northern Illinois shores. On an annual basis, the mean density 
of smelt impinged at canal intakes is substantially higher than those at OOB 
and PD intakes, but this difference may be a result of the higher number of 
canal intakes on the western shore of the lake. The comparisons of monthly 
smelt impingement densities between "adjacent" pairs of intakes (Table 23) 
suggests that canal intakes impinge significantly more smelt than OOB or PD 
intakes throughout most of the year, with the exception of late fall (Zion vs. 
Waukegan). Porous dikes (Point Beach vs. Kewaunee) may impinge higher densi­
ties of young of the year in late summer. Comparisons of similar "adjacent" 
intakes show consistently higher densities at Oak Creek compared to Port 
Washington and seasonal differences between Mitchell and Stateline: i.e., 
between June and December the onshore porous dike at Stateline impinged fewer 
smelt/unit volume than the more offshore porous dike at Mitchell and, in late 
winter, the reverse was true. 

Rainbow smelt eggs were entrained at significantly higher rates 
(densities) by offshore open bay intakes and by offshore intakes as a group 
(Table 19). The mean annual densities of entrained smelt eggs (Fig. 6) were 
highest at intakes on the southern basin of Lake Michigan and apparently were 
highest at OOB intakes. Unfortunately, the major period of smelt egg entrain­
ment (early spring) either was not sampled by some utilities or was sampled in 
different years; therefore, the statistical comparisons between "adjacent" 
intakes were limited to very few months (Table 24). Despite these problems, 
the comparisons do indicate significantly higher densities of entrained smelt 
eggs at OOB intakes (Kewaunee vs. Point Beach and Zion vs. Waukegan). 

Rainbow smelt larvae also were entrained at significantly higher rates 
(densities) by offshore open bay intakes and by offshore intakes as a group 
(Table 19). Intakes on the western shore and in the southern basin of Lake 
Michigan tended to show the highest densities of entrained smelt larvae (Fig. 
7). Table 25 presents the comparisons of smelt larval densities between 
"adjacent" intakes and reflects the lakewide trend of offshore open bays 
entraining higher densities than canal or porous dike intakes. Although Port 
Washington entrained higher densities of smelt eggs than did Oak Creek, the 
reverse was true for smelt larvae. Mitchell's porous dike (more offshore) 
consistently entrained more smelt larvae/unit volume than did the onshore 
porous dike at Stateline. 

In conclusion, the above analyses indicate that canal intakes are most 
destructive of smelt adults during the spawning season, while offshore porous 
dikes and open bays tend to impinge more smelt/unit volume during other 
periods of the year. Smelt eggs and larvae seem most susceptible to OOB 
intakes and offshore intakes in general. 
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Table 21. Statistical comparisons of the monthly mean densities (N/m') of entrained alewife eggs between dissimilar and similar intakes that are "adjacent" 
to one another. Underlined densities are significantly higher {a = 0.05). 

January February April nty July August September October November December 

Kewaunee vs. Point Beach 
04/18/75-10/31/75 
OOB 
PD 

Waukegan vs. Zion 
04/16/75-09/03/75 

CNL 
OOB 

Lakeside vs. Port Washington 
05/20/75-10/28/75 

PD 
CNL 

Lakeside vs. Oak Creek 
05/20/75-10/29/75 

PD 
OIL 

Oak Creek vs. Port Washington 
04/17/75-10/28/75 

CNL 
CNL 

Mitchell vs. Stateline 
05/03/75-09/04/75 

PD 
PD 

0 
0 

0 
0 

-

-

0 
0 

-

0 
0 

0 
0 

0 
0 

0 
0 

3. 

00587 
00244 

31866 
09453 

.01711 

.00450 

24.34260 
1.88130 

.01301 

.00204 

.01301 

.00536 

.00536 

.00204 

22.47867 
4.71500 

.56431 

.01987 

5.81448 
2.79794 

.05450 

.03765 

.05450 

.01754 

.01754 

.03765 

5.86174 
.82323 

.09761 

.01097 

.93701 

.15977 

.00432 

.00053 

.00432 

.02179 

.02179 

.00053 

.11838 

.19407 

0 
0 

.01435 
0 

0 
0 

0 
0 

0 
0 

.01220 

.00036 

0 
0 

0 
0 

0 
0 

0 
0 



Table 22. Statistical comparisons of the monthly mean densities (N/m^) of entrained alewife larvae between dissimilar and similar intakes that are 
•adjacent" to one another. Underlined densities are significantly higher (a = 0.05). 

January February fty July August September October November December 

Kewaunee vs. Point Beach 
04/18/75-10/31/75 
OOB 
PO 

Waukegan vs. Zion 
04/16/75-09/03/75 

CNL 
OOB 

Lakeside vs. Port Washington 
05/20/75-10/28/75 
PD 
CNL 

Lakeside vs. Oak Creek 
05/20/75-10/29/75 
PO 
CNL 

Oak Creek vs. Port Washington 
04/17/75-10/28/75 
CNL 
CNL 

Mitchell vs. Stateline 
05/03/75-09/04/75 
PD 
PO 

.00315 .00149 

.00019 .00109 

.01927 .07355 .01658 

.00321 .03184 .00493 

.00310 .01177 0 

.00005 .00018 .00123 

.00310 .01177 0 
0 .00002 .00253 

.00002 .00253 

.00018 .00123 

.08821 .04038 .01525 

.01227 .00571 .00546 

.00441 0 

.00129 .00003 

.08063 

.00250 

0 0 
.00321 0 

0 0 
.00770 .00056 

.00770 .00057 

.00321 0 

.00012 

.00163 



Table 23. Statistical comparisons of the monthly mean densities (N/1000 m^) of impinged smelt between dissimilar and similar intakes that are "adjacent" to 
one another. Underlined densities are significantly higher (a = 0.05). 

Kewaunee vs. Point Beach 
04/01/75-02/28/76 
OOB 
PD 

Waukegan vs. Zion 
05/12/75-12/31/75 
CNL 
OOB 

Lakeside vs. Port Washington 
03/07/75-02/06/76 
PD 
CNL 

Lakeside vs. Oak Creek 
03/07/75-02/06/76 
PO 
CNL 

Bailly vs. Michigan City 
12/03/75-06/28/76 
PD 
CNL 

Oak Creek vs. Port Washington 
03/04/75-02/25/76 
CNL 
CNL 

Mitchell vs. Stateline 
05/03/75-03/30/76 
PD 
PD 

January 

.04948 

.08043 

-
-

.00014 

.00951 

.00014 

.02838 

.00042 

.00042 

.02838 

.00951 

.00034 

.00036 

February 

.04481 

.01966 

-
-

.00164 

.00638 

.00164 

.04445 

.00018 

.00111 

.06124 

.01068 

.00010 

.00069 

fSrch 

-
-

-
-

0 
.03850 

0 
.09196 

.00370 

.00284 

.09001 

.03489 

.00010 

.00079 

April 

.03899 

.00990 

-
-

0 
.12074 

0 
.73320 

.00649 

.00449 

.73320 

.120/4 

-" 

b̂y 

.00353 

.00572 

.00183 
0 

.00118 

.10360 

.00118 

.31172 

.01014 

.00763 

.31172 

.10360 

.00052 

.00054 

June 

.01754 

.01899 

.00469 
0 

.00121 

.10309 

.00121 

.19883 

.00016 

.00057 

.19883 

.10309 

.00095 

.00006 

July 

.01261 

.06966 

.02168 

.00061 

0 
.20519 

0 
.69027 

-
-

.69027 

.20519 

.00121 

.00016 

August 

.01185 

.06159 

.00385 

.00078 

0 
.29830 

0 
.39366 

-
-

.39366 

.29830 

.00076 

.00005 

September 

.02228 

.05637 

.00183 

.00090 

0 
.45350 

0 
.21710 

-
-

.21710 

.45350 

.00073 
0 

October 

.23001 

.28655 

.00338 

.00128 

.00045 

.00699 

.00045 

.03461 

-
-

.03461 

.00699 

.00026 

.00008 

November 

.08779 

.18391 

.00144 

.00637 

.00188 

.03149 

.00188 

.12181 

-
. 

.12181 

.03149 

.00009 

.00005 

December 

.01459 

.05555 

.00398 

.07176 

0 
.03948 

0 
.08033 

.00072 

.00056 

.08033 

.03948 

.00164 

.00001 



Table 24. Stat ist ical comparisons of the monthly mean densities (N/m^) of entrained smelt eggs between dissimilar and similar intakes that are "adjacent" 
to one another. Underlined densities are significantly higher (o = 0 .05) . 

January February April *y July August September October November December 

Kewaunee vs. Point Beach 
04/18/75-10/31/75 
OOB 
PD 

Waukegan vs. Zion 
04/16/75-09/03/75 
CNL 
OOB 

Lakeside vs. Port Washington 
05/20/75-10/28/75 
PD 

cm 
Lakeside vs. Oak Creek 

05/20/75-10/29/75 
PD 
CNL 

Oak Creek vs. Port Washington 
04/17/75-10/28/75 

CNL 
OIL 

Mitchell vs. Stateline 
05/03/75-09/04/75 

PO 
PD 

.05362 
0 

.47900 

.62093 

-

-

0 
.00005 

-

.01422 
0 

.06609 

.11037 

0 
.00210 

0 
0 

.00048 

.00249 

.00681 

.00716 

0 
0 

0 

0 
0 

0 
0 

0 
0 

0 

00061 

00068 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

-

0 
0 

0 
0 

0 
0 

-



Table 25. Statistical comparisons of the monthly mean densities (N/m') of entrained smelt larvae between dissimilar and similar Intakes 
to one another. Underlined densities are significantly higher (a = 0.05). 

that are "adjacent" 

January February April l*y July August September October November December 

Kewaunee vs. Point Beach 
04/18/75-10/31/75 
OOB 
PD 

Waukegan vs. Zion 
04/16/75-09/03/75 

CNL 
OOB 

Lakeside vs. Port Washington 
05/20/75-10/28/75 
PD 
CNL 

Lakeside vs. Oak Creek 
05/20/75-10/29/75 
PD 
CNL 

Oak Creek vs. Port Washington 
04/17/75-10/28/75 

CNL 
CNL 

Mitchell vs. Stateline 
05/03/75-09/04/75 
PO 
PD 

.00053 

.03555 

.02996 

.00025 

.00100 

.00492 

.01206 

.00538 

.00026 .00149 

•00286 .01518 
.00026 .00149 

.00117 .00365 

.00001 .00054 

.03186 .03551 

.00180 .00233 

0 0 
.00298 0 

0 0 
•00837 .00152 

•00837 .00156 
•00298 0 



Yellow Perch 

The results of s ta t i s t i ca l comparisons for yellow perch impingement 
between intake types (Table 18) are highly affected by the disproportionate 
impingement density at the Pulliam plant (onshore canal intakes). Figure 8 
presents the annual perch impingement densities at each sampled intake and 
indicates that, i f Pulliam is excluded, offshore open bay intakes and any type 
sited on the southeastern shore of Lake Michigan impinge the highest densities 
of yellow perch. Comparisons of "adjacent" plants (Table 26) indicate the OOB 
and canal intakes impinged more yellow perch/unit volume than do porous dike 
intakes, and that the canal intake at Waukegan impinged higher densities of 
perch than the OOB intake at Zion. No consistent differences were observed 
between the "adjacent" canal intakes or between the "adjacent" porous dike 
intakes. 

Yellow perch eggs were not ident i f ied at some and not found at other 
sampled intakes, making a s ta t i s t i ca l comparison d i f f i c u l t . The annual mean 
density of perch eggs at D. C. Cook was similar to that at Pulliam (Fig. 9) 
despite the order of magnitude difference between perch impingements at these 
plants, indicating that OOB intakes might entrain s ign i f icant ly higher densi­
t i es , i f inshore abundances were equal. Based on the very l imi ted data in 
Figure 10, i t appears that canal intakes are at least as destructive of yellow 
perch larvae as are OOB intakes, i f Pulliam is excluded. 

Effects of Flow and Geographic Location 

Generally, i t is assumed that the numbers of f ish impinged or entrained 
by water intakes are d i rect ly related to the water flow or quantity 
withdrawn. A "perfect" l inear relationship between these variables ( i . e . , 
where a l l the var iab i l i t y in y is explained by the va r i ab i l i t y in x) would 
require homogeneous d is t r ibut ion of the f ish species/ l i fe stage throughout the 
body of water, as well as no s i te-spec i f ic , intake-related differences in 
impingement/entrainment rates. I t is clear from the preceeding analyses that 
neither of these requirements are true for any of the three Lake Michigan 
species included in th is report. 

Since the sampling of power plant intakes was planned and executed in a 
si te-speci f ic manner, the available data do not provide adequate representa­
t ion of the variables potent ial ly affecting impingement and entrainment 
values: i . e . , a s t ra t i f i ed or hierarchal sampling design would be required to 
estimate the individual effects of intake type, locat ion, f i sh abundance, and 
flow. Despite these apparent problems, we performed l inear regressions (log 
observed impingement/entrainment vs. log observed flow) for each 
species/1ifestage to estimate the effects of flow and to determine the feas i ­
b i l i t y of predicting the effects of future water intakes. 

The effect of water intake flow on impingement of alewife is shown in 
Figure 11. A strong l inear (log-log) relationship was found (P <0.0001) and 
the results indicate that 66% of the va r i ab i l i t y in impingement (R^ = 0.66) is 
associated with flow. I t is apparent from this plot that four intakes 
impinged inordinately high numbers of alewife: Zion (1) , Port Washington (8) , 
Pulliam (5) , and Michigan City (4) . The aforementioned effects of canal 
intakes and western shore locations are substantiated. This indicates that a 
canal intake sited on the western shore of Lake Michigan or on Green Bay could 
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Table 26. Statistical comparisons of the monthly mean densities (N/1000 m M of impinged yellow perch between dissimilar and similar Intakes that are 
"adjacent" to one another. Underlined densities are significantly higher (o = 0.05). 

Kewaunee vs. Point Beach 
04/01/75-02/28/76 
OOB 
PD 

Waukegan vs. Zion 
05/12/75-12/31/75 
CNL 
OOB 

Lakeside vs. Port Washington 
03/07/75-02/06/76 
PD 
CNL 

Lakeside vs. Oak Creek 
03/07/75-02/06/76 
PD 
CNL 

Bailly vs. Michigan City 
12/03/75-06/28/76 
PD 
CNL 

Oak Creek vs. Port Washington 
03/04/75-02/25/76 
CNL 
CNL 

Mitchell vs. Stateline 
05/03/75-03/30/76 
PD 
PD 

January 

0 
•00007 

-
-

0 
0 

0 
•00052 

.00200 
0 

•00052 
0 

•00040 
.00028 

February 

•00009 
.00004 

-
-

0 
.00054 

0 
.00039 

.00020 

.00156 

.00009 
•00013 

•00003 
•00037 

hbrch 

-
-

-
-

0 
.00086 

0 
•00219 

•00068 
• 00201 

•00207 
.00077 

•00052 
.00013 

April 

.00034 

.00059 

-
-

0 
.00113 

0 
.00107 

• .00029 
.00346 

.00107 

.00113 

-
" 

rby 

.00014 

.00006 

.00005 
0 

0 
.00040 

0 
.00020 

0 
.00631 

•00020 
.00040 

0 
.00027 

June 

.00064 
•00008 

0 
0 

• 00002 
•00054 

• 00002 
•00010 

•00029 
.00188 

.00010 

.00054 

.00024 

.00097 

July 

.00086 

.00032 

•00009 
.00010 

.00032 

.00078 

.00032 

.00411 

-, 
-

.00411 

.00078 

.00307 

.00419 

August 

.00040 

.00027 

.00027 

.00020 

.00010 

.00044 

.00010 

.00039 

-
-

.00039 
•00044 

•00437 
•00288 

September 

.00053 

.00028 

.00108 
•00018 

0 
•00018 

0 
•00021 

_ 
. 

•00021 
.00018 

.00028 
•00037 

October 

•00029 
•00020 

.00113 
•00009 

0 
• 00007 

0 
0 

. 
_ 

0 
• 00007 

0 
•00031 

November 

•00050 
.00018 

• 00003 
•00042 

0 
•00046 

0 
•00027 

_ 
_ 

•00027 
•00046 

.00008 

.00005 

December 

•00017 
•00021 

• 00050 
• 00006 

0 
• 00020 

0 
.00105 

.00109 

.00178 

.00105 

.00020 

.00080 

.00004 
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Fig. 8. Mean annual densities of impinged yellow perch at 
each sampled intake (1975). Circles represent means for 
each intake type. 
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Fig. 9. Mean annual densities of entrained yellow perch 
eggs at each sampled intake (1975). Circles represent 
means for each intake type. 
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Fig. 10. Mean annual densities of entrained yellow perch 
larvae at each sampled intake (1975). Circles represent 
means for each intake type. 

Fig. 11. Relationship 
between total number of 
alewife impinged and 
total flow (1975). 
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impinge ten times the number of alewife as another intake type sited else­
where. 

The relationship between flow and entrainment of alewife eggs was not 
signi f icant (P > 0.6)(Fig. 12). This indicates that the d is t r ibu t ion of 
alewife eggs is more heterogeneous than that of adults and/or that intake type 
has a pronounced effect on egg entrainment. As previously mentioned, intakes 
on the southern shore of Lake Michigan (3, 11, 13, 12) entrain re la t ive ly high 
numbers of alewife eggs. Conversely, the numbers of entrained alewife larvae 
are related to flow (P <0.003) and 52% of the va r i ab i l i t y can be at t r ibuted to 
flow (Fig. 13). Again, intakes in the southern basin (e .g . , 2, 3, 11, 13, 1, 
12) entrain the highest numbers of alewife larvae. 

Impingement of rainbow smelt is d i rect ly related to water flow on a 
lakewide basis, despite locational differences in abundance (Fig. 14). The 
log-log regression was s igni f icant (P = 0.0005) and indicated that 59% of the 
va r iab i l i t y was due to flow (R^ = 0.59). Water intakes on the western shore 
impinged the highest numbers of smelt. Entrainment of smelt eggs and larvae 
were s ign i f icant ly related to variations in flow (Figs. 15 and 16, 
respectively). Forty-two percent of the va r iab i l i t y in smelt eggs and 56% of 
the var iab i l i t y in smelt larvae were at t r ibutable to flow. Intakes on the 
southern shore entrained re lat ive ly large numbers of smelt eggs while southern 
and western intakes entrained large numbers of larvae. 

Impingement of yellow perch was s ign i f icant ly related to flow on a lake-
wide basis i f the Pulliam intake (5) was excluded (Fig. 17). Intakes in Green 
Bay (5) and in the southern basin of Lake Michigan (2, 12, 3, 13, 1) impinged 
re lat ive ly high numbers of yellow perch. 

Figures 11-17 provide a measure of pred ic tab i l i t y of the expected 
impingement or entrainment losses associated with anticipated increases in 
water withdrawals. Sl ight ly better predictions could be obtained given the 
intake design and location on Lake Michigan, but accurate predictions are not 
possible since the important effects of (1) spatial heterogeneity in abundance 
and (2) annual f luctuations in abundance are not quant i f ied. 

DEVELOPMENT OF MATHEMATICAL MODELS 

The surplus production model and dynamic pool model are two di f ferent 
mathematical models that are commonly applied for assessment of the impact of 
exploitat ion on f ish populations. In th is study these models are applied for 
assessment of entrainment and impingement impacts. Impingement impact is 
comparable to the impact of a fishery and the fishery models can be applied 
with l i t t l e modif ication. Assessment of the impact of entrainment requires 
more substantial modification of the models. 

Surplus Production Model 

In a l l populations, biomass is continually added by growth and recru i t ­
ment and lost through mortal i ty . Surplus production is the amount of biomass 
that can be removed from a population without changing the population s ize: 
i . e . , the biomass removed is replaced by recruitment and growth. In 
derivation of the surplus production model i t is assumed that surplus 
production is some function of population size. Surplus production is assumed 
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to be small at both high and low population sizes. The maximum surplus 
production occurs at some intermediate level of population size. 

In the surplus production model the change in yield (biomass of fish 
caught) with respect to time is assumed proportional to the production of 
biomass and fishing effort. If the natural change in biomass is described by 
the logistic equation, then the surplus production model is: 

dY qEB 

dB 
dt 

kB qEB 

where: 

Y = yield in kg 
B = population biomass in kg 
k = population growth parameter 
B„ = environmental carrying capacity or population level without fishing 
E = fishing effort in standard units 
q = catchability coefficient 
t = time in years. 

Under equilibrium conditions, the relat ion between equil ibrium y ie ld and 
biomass is the parabola 

Y = kB e 
k „2 

where Yg is the annual equilibrium y i e l d . The maximum sustainable y i e l d , MSY, 
occurs at a biomass level of B„/2, so the MYS i s : 

MSY = k 
2 " B„ \2 

2 2kB kB kB 
00 00 OC 

For each species the parameters of the surplus production model were 
estimated by non-linear least squares using the approximation: 

t+1 
Y (t) = Y(t + 1) - Y(t) = qE(t) / B( t )dt = qE(t) B(t + 1) + B(t) 

where Ŷ  is the annual y i e l d . The solution to the log is t i c surplus production 
model i s: 

B(t) 
B (k - F) .̂ 0 BJk - F) 

-(k - F)t 
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where B^ is the estimate of biomass in 1960 obtained as 1/q (1960 CPUE) and F 
is the instantaneous fishing mortality coefficient. 

The surplus production model can be modified easily to model the impact 
of impingement. Let f^ be the impingement coefficient for the i*" water 
intake and Q̂  be the volume flow for the i^" water intake; then the surplus 
production model can be written as: 

dl. 

n 
I 
i=l 

where the new terms are: 

dB = kB - | - B 2 - qEB - J f.Q.E 

n = number of water intakes 
Ij = impingement at water intake i at time t 
f-j = impingement coefficient at water intake i 
Q.J = volume flow at water intake i at time t. 

To apply the surplus production model for assessment of entrainment, 
equations must be developed for egg production and for larval production; then 
larval production must be related to the biomass of the standing stock. The 
number of eggs produced by the population, G, is: 

G = ^ EUB 
2 • 

where EUB is the number of eggs produced per unit of female biomass and G is 
the number of eggs produced by the population. The rate of loss of eggs 
through entrainment at water intake i is: 

f - = P i Q i ^ 

where G' is the number of eggs entrained at time t and p,- is the egg entrain­
ment coefficient at water intake i. Substitution from above gives the 
equation: 

f : - = P , Q , | E U B . 

Assuming that, in the long run, the population produces enough eggs to just 
replace i t se l f , then 
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\dt)e 
2 dG' 

EUB HT" 

where (dB/dt)g is the rate of biomass loss as a result of egg entrainment. 
The amount of biomass produced is a function of the number of eggs produced. 
The impact of entrainment on egg is equivalent to a reduction in egg 
production by the population. The rate of biomass loss resulting from egg 
entrainment, (dB/dtjg, is 

f)e = PiV-

Now the impact of larval entrainment on biomass production will be deter­
mined. The number of larvae produced by G eggs is: 

L = (1 - 4,)G 

where L is the number of larvae produced from G eggs and ^ is the mortality 
from the egg stage to the larval stage. The relation between adult biomass 
and the number of larvae produced is given by the equation 

L = (1 - <(,) EUB 

Differentiation of this equation with respect to time gives 

dL _ ,, , EUB dB 
dt " '̂  " *' T - dt 

and the rate of change in biomass result ing 
i"-" water intake, {dB/dt ) i , is 

f'dB\ ^ dL' /dt 

^ / l ' (1 - , 

from entrainment of larvae at the 

"t/l (1 - *) ™ 

where dL'/dt is the rate of larval entrainment at the water intake. The rate 
of larval entrainment at water intake i can be modeled with the equation 

W--W 

where ĥ  is the larval entrainment coefficient at water intake i. Combination 
of the above equations for larval entrainment gives the rate of biomass change 
resulting from larval entrainment at water intake i as 
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(f), • w 
Combining the above equations for egg and larval entrainment gives the 

following surplus production model for assessment of entrainment impact: 

HR k ? " " 

dB= kB - f - B ^ -qEB - J p.Q.B - J h.Q.B. 
00 1 = 1 1 = 1 

Combining the model for entrainment and impingement impact gives the model 

dY 
M qEB 

dl " ^- ,iw 
dG' ̂  

i=l W- J, Pî JiS 

J. 1 n 

n 
f =kB - l - B ^ - q E B - I f.Q.B- J p.Q.B- I h.Q.B. 

oo 1 = 1 1 = 1 1 - 1 

This model was applied to study the combined impacts of impingement and 
entrainment on standing stocks and maximum sustainable yields of alewife, 
perch, and smelt. 

Dynamic Pool Model 

The dynamic pool model [28] provides a more complete and detailed 
description of the dynamics of a population than does the surplus production 
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model [29]. The dynamic pool model is a reductionistic model in which the 
yield from a fishery is broken into its components: growth, reproduction, and 
mortality. Each of these components is modeled separately, in as great a 
detail as necessary, and then the components are brought together into a model 
for yield. 

The derivation of the dynamic pool model begins with the identity 
relating the biomass of a cohort to the number of individuals and average 
individual weight. The biomass of a cohort at age x, B(x), is the product of 
the number of individuals of age x, N(x), and the average weight of an 
individual of age x, W(x): 

B(x) = N(x)-W(x). 

Differentiation of this equation gives the change in biomass with respect to 
age as 

^=N<x)t^.W,x)t^. 

The f i r s t term on the r ight relates to production and the second term to the 
loss of biomass by mortal i ty . Yield to a f ishery equals the loss due to 
f i sh ing : 

dY , .w(„i /dN(x) (x)(^ 
dx ' ' \̂  dx y F 

where (dN(x)/dx)p is fishing mortality. It is usually assumed that 

t^)p=-FN(x,. 

where F is the instantaneous fishing mortality coefficient and the yield 
equation then becomes 

^ = F N(x) W(x). 

To apply this model, relations for W(x) and N(x) as functions of age must be 
developed. Assume that fish are recruited into the exploited stock at age x^; 
then if mortality follows the exponential model, change in cohort size is 
given by the equations: 

dN 
^ - •"». ^r MN, x„ < X < X 

c 

^ = -{F + M)N, X > X, 
c 
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Solution of these equations gives the mortality equation 

N(x) -Re-^^\ - V - (F + M ) ( x - x ^ ) ^ ,, 

where: 

M = instantaneous natural mortality coefficient 
x^ = age at entry to fishery 
Xp = age at recruitment 
R = number of recruits. 

To model weight as a function of age, it is usual to begin with an 
equation for length as a function of age. Growth in length is asymptotic and 
can usually be described accurately by the equation: 

il(x) = Jl (1 - e"'^'^ " \ h 

where: 

lix) = length at age x 
i„ = asymptotic length 
K = growth constant 
XQ = age when length equals zero (assumed to be zero). 

The relation between length and weight is accurately described by the 
parabolic growth equation 

W(x) = a il(x)^ • 

where a and b are constants. For s impl ic i ty i t w i l l be assumed that b = 3. 
Subst i tut ion of the equation for length as a function of age in to the length-
weight equation gives the equation for growth in weight as 

W(x) = W ( 1 - e"'^'^ " ^ o ' ) ^ . 
00 

where Vl^ = asymptotic indiv idual weight. This is von Ber ta lanf fy 's growth 
equation [ 9 ] . 

Combining the above resul ts for mor ta l i ty and growth gives the y i e l d 
equation: 

^ = FW Re-^'^c • \ ) - "^ * " ) f ^ - \ > ( 1 - e-^<^ - ' ' o ' ) ^ 
dx "> 

The solut ion of the equation is 
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- j i o 1" + M + JK 

where: UQ = 1, Uj = -3, U2 = 3, and U3 = -1 ( integrat ion constants). 

Modification of the dynamic pool model for assessment of impingement 
impact is straightforward. The rate of impingement with respect to age (time) 
i s : 

^ = f i Q i N ( x ) W(x). 

The mortality equation modified to include the impact of n water intakes is 

N(x) = Re-'" ' X ^^•'^i"'^ - Xj) - (F + M . _l^ f.Q.)(x - x^) 

where the new term i s : xj = age when f ish f i r s t become vulnerable to impinge­
ment. The biomass of a cohort subject to impingement loss is 

B = RW e - ' " ' .1 f i Q i " \ - ' ^ l ' — ^ 
" 1=1 •'•„ 

3 U-e-J^t'^c - '^o' 

J"° F + M + I f .Q. + jK 
i = l ^ ^ 

and the y ie ld from the fishery under equil ibrium conditions is 

To apply the above equations the number of recrui ts must be determined. 
Application of the catch equation, 

^ = F N ( x ) , 

(where C is the annual catch from the fishery) together with the mortality 
equation gives: 

54 



*" n 
(M + F + J f.Q.)Ce<'̂ ^ .1^ UV^\ "'l' 

R = — ^ 

Additional modifications of the dynamic pool model are necessary to apply 
the model for assessment of entrainment. The number of eggs produced annually 
in a steady state is: 

G = EUB I . 

These eggs are subject to natural and entrainment mortality so an equation for 
change in the numbers of eggs is: 

f =-'"l̂  J/i'̂ l̂ '̂  

where: 

Mĵ  = natural mortality coefficient for egg stage. 

The number of larvae produced by an initial number of eggs, G(o), is 

L(o) = G(o)e-'^ ' .1^ Pi^i^^h 

where: 

L(o) = number of larvae produced by a cohort 
G(o) = initial number of eggs produced by a cohort 
it-̂  = duration of time from spawning to larval stage (after yolk sac has 

been adsorbed). 

Larvae are subject to natural mortality and entrainment mortality; thus, 
the equation for change in the number of larvae is: 

^ - - i ^ 2 ' .[h.Q.)L 

where: 

Mo = larval mortality coefficient. 

Combining the above equations for egg production, egg mortality, and larval 
mortality gives the following equation for the number of recruits: 
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R = G(o)e-'"l ' .1^ PiVh - ("2^ .1^ ^•Qi'^t2 

where At2 is the duration of time from f i r s t entry into the larval stage to 
the young-of-year stage. 

The impact of entrainment on standing stock and y ie ld w i l l be a resul t of 
i t s impact on recruitment. 

ESTIMATION OF BIOLOGICAL AND FISHING PARAMETERS 

Surplus Production Model 

For the surplus production model the catchabi l i ty coef f i c ien t , q, 
population growth parameter, k, and carrying capacity, B„, were estimated by 
non-linear least squares using the commercial catch and e f fo r t data. Lake 
Michigan has been divided into 16 fishery s ta t i s t i ca l d i s t r i c t s (Fig. 1) and 
data on catch and e f fo r t are obtained annually for each d i s t r i c t . In th is 
study data for the years 1960 to 1977 were applied for estimation of model 
parameters. 

For each species the parameters of the surplus production model were 
estimated by non-linear least squares using the approximation 

Y3(t) = Y(t + 1) - Y(t) = qE(t) / B(t)dt = q E ( t ) n ^ ^ ^ ' / ^ ' ^ ' 

and the solution to the logistic surplus production model is: 

B(t) = 
B_(k - F) ^,-^jr-rrj 

-(k - F)t -1 

where B^ is the estimate of biomass in 1960 obtained as 1/q (1960 CPUE). 

Al ewi f e 

The major fishing methods applied for alewife were trawls and pound 
nets. Pound nets are used more widely than trawls; therefore, total effort 
was expressed in terms of pound nets. Total effort in terms of a standard 
gear was calculated as 

total effort total catch 
CPUE with standard gear 

where CPUE = catch per unit effort. The total catch and effort data for 
alewife in Lake Michigan are listed in Table 27. For alewife the model 
parameters are: 

56 



q = 0.00001 
k = 0.30 
B„ = 400,000,000 kg. 

The f i t of the observed y ie lds to the predicted y ie lds is good in recent years 
(Fig. 18), and for 1975 the observed y i e l d is close to the predicted y i e l d . 
In 1963 the model predicts a much higher y i e l d than was observed and in 1967 
the model predicts a much lower y i e l d than was observed. From 1968 to 1977 
the predict ions are good except for 1973 when the predict ion was somewhat 
high. Substantial changes have occurred in the f ishery since 1960 with large 
var iat ions in population size and massive d ie -o f f s . 

The maximum sustainable y i e l d occurs at a biomass level of about 
200,000,000 kg and is about 30,000,000 kg (Fig. 19). The maximum observed 
catch of 21,959,080 kg occurred in 1977. The alewife population does not 
appear to be over-exploi ted by the f ishery but the level of exp lo i ta t ion i s 
substant ia l . 

Table 27. Total catch (kg), pound 
net e f fo r t (number of l i f t s ) , and 
catch per unit of e f fo r t for alewife 
in Lake Michigan, 1960-1977. 

Table 28. Total catch (kg), trap 
net e f fo r t (number of l i f t s ) , and 
catch per unit of e f fo r t for yellow 
perch in Lake Michigan, 1960-1977. 

Year 

1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 

Yei1ow 

Catch 

1057103 
1449346 
3455625 
2448165 
5326641 
6353358 
13155789 
19054064 
12285364 
13330230 
15114488 
13450181 
14076502 
16584780 
20663696 
15961428 
17786288 
21959808 

Perch 

Effort 

2621 
2327 
8501 
24582 
11546 
7425 
12118 
16742 
11462 
10050 
10203 
7599 
7767 
11872 
10131 
7730 
7918 
7931 

CPUE 

403.26 
622.71 
406.58 
99.59 

461.32 
855.60 
1085.57 
1138.06 
1071.77 
1326.32 
1481.28 
1769.92 
1812.34 
1396.85 
2039.52 
2064.81 
2246.07 
2768.55 

Year 

1960 
1961 
1962 
1963 
1964 
1965 

i%e 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 

Catch 

1489562 
2574813 
2039568 
2210172 
2646878 
695885 
406440 
573967 
235669 
291719 
313820 
338270 
465686 
339997 
587902 
344354 
387206 
439831 

Effort 

57444 
98958 
59269 
50186 
91459 
49878 
30426 
27501 
15364 
15719 
17628 
18324 
20050 
20372 
32909 
22946 
31864 
44057 

CPUE 

25.93 
26.02 
34.41 
44.04 
28.94 
13.95 
13.36 
20.87 
15.34 
18.56 
17.80 
18.46 
23.23 
16.69 
17.86 
15.01 
12.15 
9.98 

The major fishing methods for yellow perch were 2" gill nets, shallow-
trap nets, fyke nets, and hoop nets. Shallow-trap nets are the most widely 
used gear and were selected as the standard gear. The total catch and effort 
data for Lake Michigan are listed in Table 28. 

For yellow perch the parameter values appear to have changed 
substantially between 1960 and 1977. The estimates for 1960 to 1977 (least 
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Fig. 18. Observed yields and yields predicted by surplus 
production model for alewife in Lake Michigan. 

100 200 

BIDNflSS (KG X 106| 

Fig. 19. Stock production curves for alewife in Lake 
Michigan at 5 d i f ferent levels of water withdrawal consider­
ing only the impact of impingement ( f - 0.1071 x lO"^^); 
VQ = 0.0 mVyr; Vi = 1.0 x 10^° mVyr; V2 = 5.0 x 10^° mVyr-
V3 = 10.0 X 10^° mVyr; V4 = 25.0 x 10^° mVyr. 
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squares) of the population parameters are: 

k = 0.01 
B„ = 80,000,000 kg 
q = 0.0000001. 

But these estimates resu l t in a substantial overestimate of recent y i e l ds . 
Better estimates of y i e l d from 1965 to 1977 are obtained with the parameters: 

k = 0.20 
B„ = 14,837,363 kg 
q = 0.0000014. 

Observed y ie lds and predicted y ie lds using these parameters appear in Figure 
20. I t appears that the carrying capacity of Lake Michigan for yellow perch 
decreased substant ia l ly between 1960 and 1977. Yields have decreased from 
more than 2,500,000 kg to less than 500,000 kg. The model accurately predicts 
y ie lds from 1965 to 1977. At present the maximum sustainable y i e l d of about 
741,869 kg occurs at a biomass of about 7,000,000 kg. A fur ther analysis of 
the data is necessary to determine the degree to which over- f ish ing is related 
to the observed decrease in commercial catch. 

Smelt 

The major commercial f i sh ing methods for smelt are 1" g i l l nets and pound 
nets. Pound nets were selected as the standard gear. The to ta l catch and 
e f f o r t data for smelt in Lake Michigan are l i s t ed in Table 29. 

Table 29. Total catch (kg), pound 
net effort ( l i f t s ) , and catch per 
unit of effort for smelt in Lake 
Michigan, 1960-1977. 

Year 

1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 

Catch 

1479932 
715538 
702333 
526710 
404620 
419599 
503533 
554953 
811191 
1125453 
923976 
588707 
312880 
393846 
774028 
527318 
983727 
331362 

Effort 

4841 
2620 
2186 
2045 
959 
1124 
1087 
812 
944 
641 
482 
369 
177 
336 
341 
208 
303 
300 

CPUE 

305.66 
273.02 
321.26 
257.47 
421.91 
373.27 
462.97 
683.44 
859.06 
1753.72 
1914.06 
1591.14 
1765.69 
1171.43 
2265.82 
2528.01 
3237.12 
1101.38 
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OBSERVED 
PREDICTED 

Fig. 20. Observed yields and yields predicted by surplus 
production model for yellow perch in Lake Michigan. 

OBSERVED 
PREDICTED 

Fig. 21. Observed yields and yields predicted by surplus 
production model for smelt in Lake Michigan. 
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For smelt the estimates of the model parameters are: 

q = 0.0001 
k = 0.50 
B„ = 20,000,000 kg. 

Again, i t is clear that dramatic changes have occurred in abundance (Fig. 
21). The model f i t s well from about 1969 to 1977 but for ea r l i e r years the 
model predicts much higher y ie lds than were observed. 

The smelt population in Lake Michigan is not heavily exploi ted by the 
commercial f i shery . The maximum sustainable y i e l d is 2,500,000 kg and the 
observed y i e l d has seldom been more than 1,000,000 kg. The size of the smelt 
population also f luctuated widely between 1960 and 1977. To accurately assess 
the impact of f i sh ing a more detai led analysis is necessary. 

Dynamic Pool Model 

Parameter estimates for the dynamic pool model were obtained e i ther 
d i rec t ly from the l i t e r a t u r e or were calculated from data in the l i t e r a t u r e . 

Table 30. . Growth of alewife in Lake 
Michigan. I-^"J 

Age 

1 
2 
3 
4 
5 
6 
7 

Length (mm) 

97 
142 
163 
175 
183 
195 
204 

Weight (gm) 

7.24 
22.90 
34.67 
42.66 
48. ?8 
58.88 
67.61 

Al ewi f e 

The length, weight, and age data for alewife in Table 30 were reported by 
Brown [30] for female alewife in 1964. The parameters for growth in terms of 
length were found by f i t t i n g the equation 

zU + 1) = iJl - K) + K£(x) 

by least squares, where: 

Jl(x + 1) = length at age x + 1 (in mm). 

The estimates of the growth parameters are K = 0.31 and )i„ = 224. The 
relation between length and weight for alewife is given by the parabolic 
equation [30] 
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logjo W = -5.12 + 3.01 log^Qii 

and the von Bertalanffy growth equation is 

W(x) = 0.11642 (1 - e-°-31 ^)^ 

where weight is measured in kg. The asymptotic weight is W„ = 0.11642 kg. 

To obtain the number of eggs per unit of biomass a relat ion between 
length and egg production [31] (Table 31) was applied with estimates of 
average length (170 mm) and average weight (39.23 g). The number of eggs 
produced per kg of female was estimated as EUB = 368,000 (14,436 eggs per 
female). 

The total mortal i ty rate for alewife (Table 32) was estimated from age 
structure data reported by Edsall et a l . [26 ] . The tota l instantaneous 
mortal i ty rate estimated by least squares is 0.50. Using the estimate of q 
obtained with the surplus production model and the observed f ishing e f f o r t , 
the f ishing mortali ty was estimated as F = qE = 0.06. The egg mortal i ty and 
larval mortal i ty coeff icients were obtained by cal ibrat ion of the observed 
y ie ld with the calculated y ie ld . The parameter estimates for alewife are 
l is ted in Table 33. 

Yellow Perch 

Much of the biological data for yellow perch in Lake Michigan is 
summarized by Brazo, Tack, and Liston [32 ] . From the growth data in Table 34 
the growth parameters were estimated as x„ = 300 and K = 0.45. The length-
weight relat ion used was 

logjoW = -5.17 + 3.30 log^gi 

which gives the asymptotic weight W„ = 1 " kg. Length is in mil l imeters and 
weight is in grams. 

A total mortal i ty coef f ic ient of 0.36 was estimated from the data in 
Table 35. The number of eggs produced per unit of biomass was calculated from 
the equation 

logjgG = -3.712 + 3.451 log^Qil 

where i is total length in nm. The average length was taken as 200 mm which 
gives 17,309 eggs per female on the average and 65,316 eggs per kg of 
female. The parameter estimates are summarized in Table 36. 
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Table 31. Fecundity of alewife..in Green 
Bay as a function of length.'••''•-' 

Age Number Mean Length Number Eggs 

Table 32. Age structure of alewife 
in Lake Michigan.'-^*-' 

Age Relative Number 

18 
15 
2 

160 
176 
192 

11147 
16138 
22407 

1 
2 
3 
4 
5 
6 
7-8 

1000 
600 
300 
120 
36 
13 
3 

Table 33. Estimates of alewife parameters for dynamic pool model. 

Parameter Symbol Estimate 

Asymptotic weight 
Average weight 
Catchable age 
Impingeable age 
Age when length is zero 
Instantaneous fishing mortality coefficient 
Instantaneous natural mortality coefficient 
Age at maturity 
Growth parameter 
Eggs per unit biomass 
Egg mortality coefficient 
Larval mortality coefficient 
Duration of egg stage 
Duration of larval stage 

W» 
w «avg 
'̂c 
"I 
xo 

M 

jjmat 
EUB 
Ml 
Mo 
iii 
it2 

0.1164 
0.0392 
2.0 
1.0 
0.0 
0.06 
0.50 
2.0 
0.30 

368,000.0 
11.51 
5.50 
0.10 
1.00 

Table 34. Standard 
at the end of each year 

length (niii) of veil ow perch 
ear of life.l-^^l 

Tabel 35. Age structure of yellow 
perch population in Lake Michigan at 
Ludington.'-•'21 

Age 

2 
3 
4 
5 
6 
7 

Ludi 
9 

162 
206 
225 
252 
291 
313 

ngton 
<f 

159 
182 
215 
235 
247 
252 

Green 
9 

99 
137 
173 
197 
228 
251 

Bay 
rf 

99 
130 
159 
185 
211 
227 

N.M. Lake 
? rf 

96 
128 
154 
183 
212 
-

Age Relative Number 

12 
65 

619 
423 
272 
138 
13 
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Table 36. Estimates of yellow perch parameters for dynamic pool model. 

Parameter 

Asymptotic weight 
Average weight 
Catchable age 
Impingeable age 
Age when length is zero 
Instantaneous fishing mortal' 
Instantaneous natural mortal' 
Age at maturity 
Growth parameter 
Eggs per unit biomass 
Egg mortality coefficient 
Larval mortality coeff icient 
Duration of egg stage 
Duration of larval stage 

ity 
itv 

coefficient 
coefficient 

Symbol 

W_ 
Wjvg 
" c 
" I 
^0 
F 
M 

K 
EUB 
Ml 
Mp 
A l l 
At2 

Estimate 

1.0 
0.265 
3.0 
1.0 
0.0 
0.06 
0.30 
2.00 
0.45 
65316.0 

11.51 
5.50 
0.10 
1.00 

Smelt 

Much of the available information on smelt was published by Bailey 
[33 ] . Application of the same methods used for alewife and yellow perch gives 
the parameter estimates summarized in Table 37. 

Table 37. Estimates of smelt parameters for dyanmic pool model. 

Parameter Symbol Estimate 

Asymptotic weight 
Average weight 
Catchable age 
Impingeable age 
Age when length is zero 
Instantaneous fishing mortality coefficient 
Instantaneous natural mortality coefficient 
Age at maturity 
Growth constant 
Eggs per unit biomass 
Mortality coefficient for eggs 
Mortality coefficient for larvae 
Duration of egg stage 
Duration of larval stage 

w„ 
'''avg 
"c 
"I 
"0 
F 
M 
>at 
K 
EUB 
Ml 
Mp 
Ati 
i t 2 

0.03 
0.0140 
2.0 
1.0 
0.0 
0^03 
0^40 
2.00 
0.56 

107337.0 
11.51 
5.50 
0.10 
1.00 

ESTIMATION OF POWER PLANT-RELATED PARAMETERS 

Surplus Production Model 

In the surplus production model impingement at the i'-^ water intake is 
modeled as: 
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dl. 

df = ̂ -̂ î  
where: 

I.J = number of fish impinged at water intake i at time t 
B = population biomass estimated from surplus production model, 

Jhe impingement coefficient can be estimated as 

i Q,- B • 

Annual biomass impinged (AI,-) and volume flow (Q̂ -) were estimated from plant 
data. The biomass of the population in the lake in 1975 was calculated from 
the 1975 commercial catch and effort data and the catchability parameter which 
was estimated from the surplus production model using the equation: 

B = I (1975 CPUE). 

Entrainment of eggs and larvae were modeled as: 

dG' 
P,-Q,-G 

and 

dt n ^i 

W--W-

Applying the same approach as above for impingement, the following equations 
can be obtained for the egg and larval entrainment coefficients: 

Pi 

and 

•̂ 

where: 

AG.-
AL] 

AG. 

-Q,.G 

AL. 

-Q^.L 

= numt 
= numt 

number of eggs entrained annually at water intake i 
number of larvae entrained annually at water intake i. 

The number of eggs produced by the population was estimated as: 

G = EUB I . 
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The number of larvae produced was calculated using the equation 

I- = (1 - M - I p 0 )G 
'• i - l ^ ^ 

where Mi is the natural mortal i ty between the egg and larval stages. In a l l 
calculations i t was assumed that M̂  = 0.99. 

Al ewi f e 

For alewife the catchabi l i ty coef f ic ient was estimated as q = 0.00001 and 
the catch per unit of e f fo r t in 1975 was 2064. The biomass in the lake in 
1975 is estimated as: 

B = 206,400,000 kg. 

The estimates of the proportion impinged and the impingement coeff ic ients are 
l i s ted in Table Bl. (Appendix B). The proportions of eggs and larvae 
entrained and the egg and larval entrainment coeff ic ients are l i s ted in Tables 
B2. and B3., respectively. 

Yellow Perch 

The least squares estimate of the catchabi l i ty coef f ic ient for yellow 
perch is 0.0000001 but this estimate results in overestimates of catches from 
the late 1960's into the 1970's. A better f i t of predicted yields to observed 
yields for recent years is obtained with q = 0.0000014. The catch per unit of 
e f fo r t in 1975 was 15 which gives the 1975 biomass as: 

^ = 0.0000014 15 = 10,714,285 kg. 

The estimates of the proportions impinged and the impingement coeff ic ients are 
l i s ted in Table B4. The proportions of eggs and larvae entrained and the egg 
and larval entrainment coeff icients are l i s ted in Tables B5. and B6 
respectively. ' 

Smelt 

n''°/..^"'^^* ^" '-*'^^ Michigan the catchabi l i ty coef f ic ient was estimated as 
q - 0.0001 and the catch per unit of e f fo r t in 1975 was 2528 qivinq the 1975 
biomass in the lake as = a 

B = ^QQQ^ 2528 = 25,280,000 kg. 

I ! ; L « ' W * " , of .the proportion of smelt impinged and the impingement 
coeff icients are l is ted in Table B7. The proportions of eggs and larvae 
entrained and the egg and larval entrainment coeff ic ients are l i s ted in Tables 
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R8. and B9., respect ively. 

Dynamic Pool Model 

In the dynamic pool model impingement at the i^*^ water intake was modeled 
as: 

d l . 
d 5 ^ = f , . Q i B ( x ) . 

The impingement coefficients were estimated as: 

i Q. B 

where Al,- is the biomass impinged annually at water intake i. Biomass of the 
population in the lake was estimated using the equation 

B = RW e-^^\ - ^l^ y -^ 
~ j=0 >" + f̂  + jl̂  

and the number of recruits was estimated as 

„ (M + F)Ce^''^c - '^l' R = p 

where C is the catch (in numbers) from the fishefy. 

Entrainment of eggs and larvae was modeled using the equations 

and the entrainment coefficients were estimated as: 

Pi 

^ 

AG. 
= Q T ^ 

AL. 

The number of eggs produced by the population was estimated as: 
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G = i ^ / B(x)dx 

''m 

where x_ is the age at maturity and EUB is the number of eggs produced per 
unit of Diomass. 

The number of larvae produced was calculated using the equation 

L '- Ge-'"l ' J^ Pi^i'^h 

and the number of recruits produced by these larvae was calculated as 

R = Ge-"^1 l_ p,.Qi)At^ - (M2 
i = l 

h,. Q,. )At2 

All of the terms in the above equations have been described previously, 
summary of the terms can be found in the glossary. 

Al ewi f e 

The y ie ld of alewife in 1975 was 15,961,428 kg (Table 27) and the number 
of alewife in the catch was estimated as 406,870,000. The estimate of the 
biomass of the population in the lake obtained from the parameters l i s ted in 
Table 33 is 237,401,824 kg. The estimates of the proportions impinged and the 
impingement coeff icients are l i s ted in Table BIO. The proportions of eggs and 
larvae entrained and the egg and larval entrainment coeff ic ients are l i s ted in 
Tables BU. and B12., respectively. 

Yellow Perch 

The y ie ld of yellow perch in 1975 was 344,354 kg (Table 28) and the catch 
was estimated as 1,299,449 perch. The estimate of the biomass of the 
population in the lake obtained from the parameters l i s ted in Table 36 is 
15,339,617 kg. The estimates of the proportions impinged and the impingement 
coeff ic ients are l i s ted in Table B13. The proportions of eggs and larvae 
entrained and the egg and larval entrainment coeff ic ients are l i s ted in Table 
B14. and B15., respectively. 

Smelt 

The y ie ld in 1975 was 527,318 kg and the number of smelt in the catch was 
estimated as 37,665,712. The estimate of the biomass of the population in the 
lake obtained from the parameters l i s ted in Table 37 is 24,697,856 kg. The 
estimates of the proportions impinged and the impingement coeff ic ients are 
l i s ted in Table B16. The proportions of eggs and larvae entrained and the egg 
and larval entrainment coeff icients are l i s ted in Tables B17. and B18., 
respectively. 
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SIMULATION OF IMPINGEMENT AND ENTRAINMENT IMPACTS 

Both the dynamic pool model and the surplus production model were applied 
to simulate the impact of water withdrawal on the standing stocks and yields 
to the fishery. The separate results obtained with these two models were 
similar; therefore, only the results for the surplus production model are 
reported. The impact of impingement was slightly less with the dynamic pool 
model because recruitment was assumed to be constant. In addition, the 
combined impacts of entrainment and impingement are difficult to model with 
the dynamic pool model. In these respects, the surplus production model is 
somewhat superior to the dynamic pool model. 

Under equilibrium conditions where dB/dt = 0, the biomass equation of the 
surplus production model that includes terms for impingement becomes 

kB - J-B^ - qEB - I f.Q.B 
00 1 = 1 

and the population biomass as a function of volume flow can be written as 

n 

B 
B (k - qE) ^J J, ^i 
oo ^ 1 = 1 

where f is an average impingement coefficient for the water intakes. This 
equation predicts a linear decrease in the biomass of the standing stock as 
the volume flow is increased. 

Under equilibrium conditions (dB/dt = 0) the equilibrium yield from the 
population is given by the equation 

Y ^ = k B - ^ B 2 - j f.Q.B. 
oo 1 = 1 

The re la t ion between equi l ibr ium y i e l d and biomass is a parabola. Application 
of the equation dY/dt = qEB shows that equi l ibr ium y i e l d also i s a function of 
f ish ing e f f o r t , i . e . , 

Y 

2 
B q n B q , 

e ^ ( k - . I ^ f i - Q , ) E - - ^ E 2 . 

Thus, the relation between equilibrium yield and fishing effort also is a 
parabola. The maximum sustainable yield, MSY, occurs at a biomass level of 
B„/2, and is given by the equation 
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kB fB n 
M S Y = ^ - ^ .I^Q, 

where f is the average impingement coefficient. The maximum sustainable yield 
decreases linearly as the volume flow increases. With zero volume flow the 
MSY is given by kB„/4. 

Equations similar to those above were applied to simulate the impact of 
larval and egg entrainment on the size of the standing stock and on the 
maximum sustainable yield. For entrainment the equations are: 

B (k - qE) (p + h)B n 

MSY 
kB B (p + fi) n 

" " .1 Qi 
i=l 

where p and h are the average egg and larval entrainment coefficients. To 
simulate the combined impact of entrainment and impingement the following two 
equations were applied: 

B (k - qE) (f + p + R)B n 

MSY 
kB B (f + p + fi) n 

-4 2 . 1 Qi-
i=l 

Al ewi f e 

The impact of water withdrawal appears to be largest on alewife so the 
results for alewife will be given in greater detail than those for smelt and 
yellow perch. The equilibrium stock production curve for alewife under five 
different rates of water withdrawal is shown in Fig. 19. Only the impact of 
impingement is modeled in this figure. Increasing the volume of withdrawal 
decreases the carrying capacity, the biomass level at which the maximum 
sustainable yield occurs, and the maximum sustainable yield. The line drawn 
through the maxima of the stock production curves is: 

n kB fB 
M S Y = ^ - ^ I Q 

'• i = l ^ 
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The to ta l design volume flow of a l l water intakes on Lake Michigan is 
about 4.8 x IQ i " m̂  per year. This level of flow resul ts in s l igh t decreases 
in the carrying capacity and MSY. Substantial increases in the volume of flow 
are necessary to cause a large impact on y i e l d and standing stock. The 
impacts of entrainment, impingement, and the combined impacts of entrainment 
and impingement on alewife are sunmiarized in Figs. 22 to 27. 

The highest impingement coe f f i c ien t observed is 0.4331 x 10"i2 and the 
average impingement coe f f i c ien t is 0.1071 x 10" i2. xhe re la t ion between 
standing stock biomass and volume flow for these impingement coef f ic ients are: 

B = 279,266,660 - 0.0001428Q, f = 0.1071 x 10"12 
B = 279,266,660 - 0.0005775Q, f = 0.4331 x lO' iz . 

Biomass of the standing stock decreases slowly as the volume withdrawn 
increases (F ig . 22). At a volume flow of 4.8 x 10i° mVyr ( f u l l capacity flow 
at a l l water intakes) the to ta l lakewide impingement ( A I ) of alewife was 
estimated to be 2.1 x 10^ kg (Table 6) . Based on the 1975 biomass estimate of 
206,400,000 kg, the proportion of the standing stock impinged (Al/Bigyc) i s 
0.0102 (or 1.02%). The proportion reduction in the standing stock (F ig . 22) 
is calculated from the equation: 

B^ - B (?B /k) 
N " 

"N 
Q, 

N 

where B̂  = biomass with no water withdrawal. Assuming the average impingement 
coef f ic ient and a flow of 4.8 x IQ i " m^/yr, the reduction in standing stock of 
alewife was 0.0245 (2.45%). The reduction in the standing stock is greater 
than the proportion of the stock impinge^* because the surplus production model 
assumes that the growth rate of the population is a function of population 
size. Impingement reduces the biomass in the 'lake un t i l a level is reached 
where the rate of impingement is balanced by the increased growth rate of the 
stock. 

The impact of impingement on the y i e l d to the f ishery also is not 
large. The re la t ion between the maximum sustainable y i e l d and volume flow is 
given by the equations: 

MSY = 30,000,000 - 0.00002142Q, f = 0.1071 x 10-12 
MSY = 30,000,000 - 0.00008662Q, f = 0.4331 x 10-12. 

The maximum sustainable y i e l d decreases slowly as volume flow increases (Fig. 
23). Applying the average impingement coe f f i c ien t the proportion reduction in 
maximum sustainable y i e l d is 0.034 (3.4%) at a volume flow of 4.8 x IQi" 
m3/yr. The impact on y i e l d is greater than the impact on standing stock. 

The maximum egg and larval entrainment coef f ic ien ts are 0.1712 x 10-12 
and 0.1743 x lO ' i ' * and the average values are 0.1756 x l O ' i ^ and 0.2236 x 
IQ- i s . The re la t ion between biomass of the standing stock and volume flow for 
entrainment are: 

B = 279.266,660 - 0.0002306Q, p = 0.1712 x IO-12 h = 0.1743 x lO-m 
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VOLUME FLOW (M̂  X 101") 

Fig. 22. Impingement impact of increased water withdrawal 
on biomass of alewife in Lake Michigan (1975). Arrow indi­
cates total design flow for all water intakes in 1975. 

^ • 6 

VOLUME FLOW IMS X 10'») 

Fig. 23. Impingement impact of increased water withdrawal 
on maximum sustainable yield (MSY) of alewife in Lake 
Michigan (1975). Arrow indicates total design flow for all 
water intakes in 1975. 
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Fig. 24. Entrainment impacts of increased water withdrawal 
on biomass of alewife in Lake Michigan (1975). Arrow indi­
cates total design flow for all water intakes in 1975. 
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Fig. 25. Entrainment impact of increased water withdrawal 
on maximum sustainable yield (MSY) of alewife in Lake 
Michigan (1975). Arrow indicates total design flow for all 
water intakes in 1975. 
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VOLUME FLOW IM' X 10'°l 

Fig. 26. Combined entrainment and impingement impact of 
increased water withdrawal on biomass of alewife in Lake 
Michigan (1975). Arrow indicates total design flow for all 
water intakes in 1975. 
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Fig. 27. Combined entrainment and impingement impact of 
increased water withdrawal on maximum sustainable yield (MSY) 
of alewife in Lake Michigan (1975). Arrow indicates total 
flow for all water intakes in 1975. 
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B = 279,266,660 - 0.00002371Q, p = 0.1756 x l O ' i S , h = 0.2236 x l O ' i s . 

The impact of entrainment on biomass of the standing stock is less than the 
impact of impingement. Biomass decreases slowly due to entrainment of larvae 
and eggs as volume flow increases (Fig. 24). The reduction in the standing 
stock resu l t ing from entrainment of larvae and eggs is 0.00407 (0.41%) at a 
volume flow of 4.8 x lOi ' ' m^/yr. 

The impact of entrainment on the y i e l d to the f ishery is also less than 
the impact of impingement. The re la t ion between the maximum sustainable y i e l d 
and volume f low, considering only entrainment of eggs and larvae, is given by 
the equations: 

MSY = 30,000,000 - 0.00003459Q, p.= 0.1712 x 10*12, h = 0.1743 x lO-i"* 
MSY = 30,000,000 - 0.000003557Q, p = 0.1756 x l O ' i ^ , h = 0.2236 x l O ' i s . 

The maximum sustainable y i e l d decreases slowly as the volume withdrawn 
increases (F ig . 25), and at a volume of 4.8 x IQ i " m^/yr the proportion reduc­
t ion in the maximum sustainable y i e l d is 0.0056 (0.56%). 

Under equi l ibr ium conditions the surplus production model predicts that 
the impact of entrainment and impingement is addi t ive. The combined impact of 
entrainment and impingement on the standing stock and the maximum sustainable 
y ie ld is given by the fo l lowing equations: 

B = 279,266,660 - 0.0008081Q, f = 0.4331 x 10-12, p = 0.1712 x 10*12, 
h = 0.1743 x lO ' i '* . 

B = 279,266,660 - 0.0001665Q, f = 0.1071 x 10-12, p = 0.1756 x l O ' i s , 
h = 0.2236 X 10-15. 

MSY = 30,000,000 - 0.0001212Q, f = 0.4331 x 10-12, p = 0.1712 x 10-12, 
h = 0.1743 X lO-i"*. 

MSY = 30,000,000 - 0.00002498Q, f = 0.1071 x 10-12, p = 0.1756 x 10-13, 
h = 0.2236 x 10-15. 

At a flow of 4.8 X IQ i " m^/yr the proportion reduction in the standing stock 
resul t ing from entrainment and impingement is 0.0286 (2.86%). The proportion 
reduction in the maximum sustainable y i e l d resu l t ing from entrainment and 
impingement i s 0.398 (3.98%). 

With observed volume flows the entrainment and impingement coef f ic ients 
must be increased substant ia l ly for impingement and entrainment to have a 
large impact on standing stock and y i e l d . A l te rna t i ve ly , with the observed 
entrainment and impingement coe f f i c ien ts , a substantial increase in volume 
flow is necessary to produce a large impact. 

Yellow Perch 

The impacts of entrainment and impingement on yellow perch are not as 
large as the impacts on a lewi fe. 

The impingement coe f f i c ien t for the Pulliam plant (Green Bay) i s much 
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higher than those for intakes on the main body of Lake Michigan, so the 
average impingement coef f ic ient was calculated using the coef f ic ients for the 
15 other sampled intakes. 

The average impingement coef f ic ient for yellow perch in Lake Michigan is 
0.6705 X 10"!'* and the highest impingement coef f ic ient is 0.2962 x l O ' i ^ . The 
relations between biomass, maximum sustainable y i e l d , and volume flow, 
considering only impingement are: 

B = 12,265,439 - 0.0000004974Q, f = 0.6705 x lO'l"* 
B = 12,265,439 - 0.O00O02197Q, f = 0.2962 x lO ' i ^ 
MSY = 741,869 - 0.0000004974Q, f = 0.6705 x lO'l"* 
MSY = 741,869 - 0.0O0002197Q, f = 0.2962 x lO' lS 

The maximum egg and larval entrainment coeff ic ients for yellow perch 
(excluding Pulliam) are 0.1759 x lO ' i ^ and 0.1431 x 10"15, respectively. The 
average egg and larval entrainment coeff ic ients are 0.2942 x lO"!"* and 0.3883 
x 10"16, respectively. The relat ion between biomass of the standing stock and 
volume flow, considering only entrainment, are: 

B = 12,265,439 - 0.000001315Q, p.= 0.1759 x 10-13, h = 0.1431 x lO ' l s 
B = 12,265,439 - 0.0000002211Q, p = 0.2942 x lO-i"*, h = 0.3883 x IQ-ie. 

The relat ion between maximum sustainable y ie ld and volume flow, considering 
only entrainment, are: 

MSY = 741,869 - 0.00000002211Q, p = 0.2942 x lO-i"*, h = 0.3883 x lO'ie 
MSY = 741,869 - 0.0000001315Q, p = 0.1759 x l O ' l s , h = 0.1431 x lO ' lS . 

The combined impact of entrainment and impingement on the standing stock 
and maximum sustainable y ie ld of yellow perch are given by the equations 
below: 

B = 12,265,439 - 0.0000007185Q, f = 0.6705 x lO"!'* p = 0 2942 x lO-l"* 
h = 0.3883 X 10-16 

B = 12,265,439 - 0.000003513Q, f = 0.2962 x 10-13 „ = Q 1759 j Q - n 
h = 0.1431 x 10-15 ^ :> A iu , 

MSY ; 741,869 - 0.00000007185Q, f = 0.6705 x lO-l"* n = 0 2942 x lO-l-* 
h = 0.3883 X 10-16 ' ^ • '-"'•'' ' 

MSY = 741,869 - 0.0000003513Q, f = 0.2962 x l O ' l s , n = Q 1759 x 10-13 
h = 0.1431 X 10-15. ^ '•^ • 

As the volume flow increases, biomass of the standing stock (Fig. 28) and the 
maximum sustainable y ie ld (Fig. 29) decrease slowly. Assuming the capacity 
withdrawal of 4.8 x lOio m3 and the average entrainment and impingement 
n^nn^^m ,V. i / ' • T ' " ^ ' ' " " '"Eduction in standing stock of yellow perch is 
00047 (047%) proportion reduction in maximum sustainable y ie ld is 
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VOLUME FLOW IM' X 

Fig. 28. Combined impingement and entrainment impact of increased water with 
drawal on biomass of yellow perch in Lake Michigan. Average and maximum co­
efficients have been calculated from all sampled power plants except Pulliam. 
Arrow indicates total design flow for all water intakes in 1975. 

[5] 

Fig. 29. Combined impingement and entrainment impact of increased water with­
drawal on maximum sustainable yield (MSY) of yellow perch in Lake Michigan. 
Average and maximum coefficients have been calculated from all sampled power 
plants except Pulliam.L5J /\rrow indicates total design flow for all water in­
takes in 1975. 
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Smelt 

The impact of impingement and entrainment on smelt is simi lar to the 
impact on alewife. The average impingement coef f ic ient is 0.3717 x 10-13 ^^ j 
the highest impingement coef f ic ient is 0.3149 x 10-12. j ^e re lat ion between 
biomass of the standing stock and volume flow for these impingement 
coeff ic ients are: 

B =15,604,000 - 0.000001487Q, f = 0.3717 x 10"13 
B = 15,604,000 - 0.00001259Q, f = 0.3149 x 10-12. 

Biomass of the standing stock decreases slowly as the volume flow withdrawn 
increases. At a flow of 4.8 x lO i " m3/yr, the lakewide impingement ( A D of 
smelt was estimated to be 1.86 x lO"* kg (Table 6). Based on the 1975 biomass 
estimate of 25,280,000 kg, the proportion of the standing stock impinged 
(A I /B IQ7C) is 0.0007 (0.07%). The proportion reduction in the standing stock 
(Fig. 36) is 0.0046 (0.46%). 

The impact of impingement on y ie ld to the fishery also is small. The 
relat ion between the maximum sustainable y ie ld and volume flow is given by the 
equations: 

MSY = 2,500,000 - 0.0000003717Q, f = 0.3717 x 10-13 
MSY = 2,500,000 - 0.000003149Q, f = 0.3149 x 10"12. 

The maximum sustainable y ie ld decreases slowly as the volume flow increases 
(Fig. 31). The proportion reduction in y ie ld due to impingement is 0.0071 
(0.71%) at 4.8 X IQi" m3/yr. 

The maximum egg and larval entrainment coeff ic ients are 0.1519 x 10-12 
and 0.9242 x lO-i"*. The average egg and larval entrainment coeff ic ients are 
0.2208 X 10-13 and 0.2099 x lO ' i ' * . The relat ion between biomass of the stand­
ing stock and volume flow, considering only entrainment, are: 

B = 15,604,000 - 0.0000009672Q, p = 0.2208 x 10-13, ^ = 0.2099 x IQ-i** 
B = 15,604,000 - 0.000006734Q, p = 0.1591 x 10-12, 'h = 0.9242 x IQ-l"*. 

The impact of entrainment on standing stock biomass of smelt is less than the 
impact of impingement. As volume flow increases, biomass decreased slowly due 
to entrainment of eggs and larvae (Fig. 32). The reduction in the standing 
stock due to entrainment of larvae and eggs is 0.00298 (0.3%) in 1975. 

The impact o r entrainment on y ie ld is less than the impact of impingement 
on y i e l d . The relat ion between the maximum sustainable y ie ld and volume flow, 
considering only the impact of entrainment, is given by the following 
equations: 

MSY = 2,500,000 - 0.000001683Q, p = 0.1591 x 10-12 h = 0 9242 x lO-i ' ' 
MSY = 2,500,000 - 0.0000002418Q, p = 0.2208 x 10-13, h = 0.2099 x lO- i " . 

The maximum sustainable y ie ld decreases slowly as volume flow withdrawn 
o"nn^f^?^ «.^?' ^^ ' - '""^ proportion reduction in y ie ld due to entrainment is 
0.0046 (0.46%) in 1975. 
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VOLUME FLOW IM' X 10'°1 

Fig. 30. Impingement impact of increased water withdrawal 
on biomass of smelt in Lake Michigan (1975). Arrow indicates 
total design flow for all water intakes in 1975. 

No water withd 

VOLUME FLOW IM ' X 10 ' ° ) 

Fig. 31. Impingement impact of increased water withdrawal 
on maximum sustainable yield (MSY) of smelt in Lake Michigan 
(1975). Arrow indicates total design flow for all water in­
takes in 1975. 
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VOLUME FLOW (M̂  X 10'°l 

Fig. 32. Entrainment impact of increased water withdrawal 
on biomass of smelt in Lake Michigan (1975). Arrow indicates 
total design flow for all water intakes in 1975. 

VOLUME FLOU IM' X 

6 

lO'"! 

Fig. 33. Entrainment impact of increased water withdrawal 
on maximum sustainable yield (MSY) of smelt in Lake Michigan 
(1975). Arrow indicates total design flow for all water in­
takes in 1975. 
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The combined impact of entrainment and impingement on the standing stock 
and maximum sustainable yield are given by the equations below: 

B = 15,604,000 - 0.00001934Q, f = 0.3149 x 10-12, p = o.l591 x 10-12 
h = 0.9242 X IQ-i"* 

B = 15,604,000 - 0.000002454Q, f = 0.3717 x 10-13, • = o.2208 x 10-13, 
h = 0.2099 x lO'l'* 

MSY = 2,500,000 - 0.000004832Q, f = 0.3149 x 10-12, p = o.l591 x 10-12 
h = 0.9242 X 10-1"* 

MSY : 2,500,000 - 0.0000006135Q, f = 0.3717 x 10-13, • = 0.2208 x 10-13 
h = 0.2099 x IQ-i'^. 

At a flow of 4.8 x lOi" m3/yr the proportion reduction in the standing stock 
resulting from the combined impact of entrainment and impingement is 0.00755 
(0.76%)(Fig. 34). The proportion reduction in the maximum sustainable yield 
resulting frora entrainment and impingement is 0.0118 (1.18%)(Fig. 35). 

DISCUSSION OF MODELING RESULTS 

Direct estimation of the biomass of a fish stock is difficult and assess­
ment of the impact of entrainment and impingement cannot be made without a 
model that describes the response of the population to these impacts. Fishery 
models can be applied for estimation of stock biomass and also can be applied 
for environmental impact assessment after only slight modifications. Fishery 
models have been widely applied and the assumptions and difficulties 
associated with the applications of these models are well known. 

The impact of impingement can be assessed just as the impact of a fishery 
is assessed. The model for yield to a fishery is identical to the model for 
impingement. For alewife the pattern of impingement during the year is 
similar to the pattern of catch from the commercial fishery (Table 38). Both 
the fishery and the power plants catch alewife as they move toward shore. To 
model the impact of entrainment, more substantial modification of the fishery 
models is necessary, but the modifications are straightforward and in this 
study the most direct and simplest modifications have been applied. 

The major weakness in application of fishery models, as well as other 
models, for assessment of environmental impacts is the shortage of data for 
stock identification and parameter estimation. For fisheries undergoing 
dramatic changes, such as those of the Great Lakes, meaningful parameter 
estimation is extremely difficult. Estimation of parameters for the surplus 
production models is difficult because the parameters are not well defined and 
they do not remain constant over an extended period on the Great Lakes. Both 
the parameters of the surplus production model are few in nuraber and all of 
thera can be estimated directly frora catch and effort data. 

Using the available data and varying pararaeter values resulted in similar 
fits of the raodel to the observed catch and effort data (Table 39). For 
example, increasing k from 0.30 to 0.35 and decreasing B„ from 400,000,000 to 
300,000,000 for alewife increases the residual sum of squares by only a small 

81 



VOLUME FLOW IM' X IQl"! 

Fig. 34. Combined entrainment and impingement impact of in­
creased water withdrawal on biomass of smelt in Lake Michigan 
(1975). Arrow indicates total design flow for all water 
intakes in 1975. 

VOLUME FLOW IM' X IQl"! 

Fig. 35. Combined entrainment and impingement impact of in­
creased water withdrawal on maximum sustainable yield (MSY) 
of smelt in Lake Michigan (1975). Arrow indicates total 
design flow for all water intakes in 1975. 
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amount. Although the f i t of the model to the observed data is good, the 
individual pararaeter estimates raight not be of similar accuracy. 

Table 38. Comparison of commercial alewife catch from d i s t r i c t 
WMl in Green Bay and observed impingement at Pulliam Power 
Plant during 1975. 

Month Commercial Catch (kg) Observed Impingement (kg) 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

0 
9 
13 
78 

79,655 
2,813,451 
2,152,849 

978,809 
564,083 
66,441 

2 
0 

0 
0 
0 
0 

267 
13,375 

195 
383 
166 
86 
79 
6 

Table 39. Residual sum of squares for fit of surplus production model to 
alewife catch and effort data. 

0.000005 0.000010 0.000020 

Sum of squares for K = 0.25 

^max 

0.30000000E+09 
0.40000000E+09 
0.5OOOOOOOE+O9 

0.71559846E+15 
0.43346152E+15 
0.27269751E+15 

0.49805058E+15 
0.32332165E+15 
0.24085464E+15 

0.13285475E+16 
0.12343199E+16 
0.11733996E+16 

Sum of squares for K = 0.30 

"max 

0.30000000E+09 
0.40000000E+09 
0.50000000E+09 

0.58970330E+15 
0.32373584E+15 
0.22241908E+15 

0.25229185E+15 
0.18022458E+15 
0.26774588E+15 

0.70890663E+15 
0.58793512E+15 
0.52183262E+15 

Sum of squares for K = 0.35 

°max 

0.30000000E+09 
0.40000000E+09 
0.50000000E+09 

0.52456825E+15 
0.30174615E+15 
0.28995566E+15 

0.19093856E+15 
0.34051601E+15 
0.76056059E+15 

0.31439214E+15 
0.31592491E+15 
0.41336671E+15 
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To apply the surplus production model for assessment of the impact of 
entrainment, the production of eggs and survival of eggs and larvae must be 
estimated. Survival of eggs and larvae was determined from estimates of the 
number of eggs produced and the assumption that the population was in 
equilibrium. The sensitivity of the estimates of impact to changes in 
survival of eggs and larvae should be investigated. 

The parameter estimates for the dynamic pool model are based on entirely 
different kinds of data than those of the surplus production model. The 
growth parameters and total mortality coefficients were estimated from age 
structure and growth data available in the literature. Age at maturity and 
age at recruitment into the fishery also were obtained from the literature. 
The fishing mortality coefficient, F, was estimated from the surplus 
production model parameters as F = qE. This is the only connection between 
the two models. The larval and egg mortality parameters were adjusted under 
the assumption that the stocks were in equilibrium. 

In a study such as this where a mathematical model is applied to assess 
an impact, there is no direct method to determine whether or not the result is 
reasonable. Therefore, the applications of the dynamic pool and surplus 
production models were kept as independent as possible so a comparison of the 
results obtained by the two models could be used as a basis for evaluating the 
reliability of the estimates of impact. First, the surplus production model 
was applied. Then, the dynamic pool model was applied using the value of F 
estimated from the surplus production model. All other parameter estimates 
are independent. The close agreement between the results obtained with the 
two models gives some degree of confidence in the results. 

Although the results of the two models agree, there might be substantial 
errors in the estimation of the population parameters in both the surplus 
production and the dynamic pool models. These errors could produce an error 
in estimation of biomass which would affect the estimate of impact. However, 
even a substantial error in the estimate of biomass did not result in a 
meaningful change in the level of impact on Green Bay. The relation between 
the estimate of the proportion impinged and the biomass of yellow perch in 
Green Bay is shown in Fig. 36. A large increase in the estimate of population 
biomass decreases the level of impact only slightly. The decrease in the 
estimate of biomass produces a larger change than an increase but decreasing 
the biomass estimate by one-half only increases the proportion impinged from 
less than 0.001 to 0.0015. Because the level of impact is small, large errors 
of estimation do not change the level of impact substantially. 

The U.S. Fish-and Wildlife Service estimated the adult alewife population 
vulnerable to bottom trawling to be from 86,000,000 to 131,600,000 kg in 1975 
[24]. Using the fishery data and the population models we estimated the 
alewife biomass in 1975 to be 206,400,000 kg. Although our estimate is nearly 
twice as large as the estimate made by the Fish and Wildlife Service it is 
probably an underestimate of the total alewife biomass in Lake Michigan. The 
commercial fishery for alewife is not lakewide and unless there is complete 
mixing of the alewife population, the estimates obtained with the surplus 
production model should be low. 

1^ -tnl^^r^V^ rainbow smelt biomass in Lake Michigan was estimated to be 
13,700,000 kg by the U.S. Fish and Wildlife Service [27]. The biomass of 
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Fig. 36. Relation between estimate of population biomass 
and estimate or proportion of biomass standing stock impinged 
for yellow perch in Green Bay (1975). Arrow indicates esti­
mated biomass in 1975. 
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PREDICTED 

1970 

TEAR 

Fig. 37. Observed and predicted yields for yellow perch in 
Green Bay (1960-1977). 
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smelt in 1975 was estimated to be 25,280,000 kg in th is study. There do not 
appear to be lakewide estimates of the biomass of yellow perch that can be 
compared with out estimate of 15,000,000 kg in 1975. 

The lakewide application of the surplus production model assumes complete 
mixing of stocks within the lake. This assumption is not val id and to deter­
mine what influence this might have on the resul ts , the impact of the Pulliam 
Power Plant on yellow perch in Green Bay was investigated. Catch and ef for t 
data for yellow perch in Green Bay are l i s ted in Table 40. The e f fo r t data 
are in terms of l i f t s of shallow trap nets. The parameter estimates for the 
surplus production model are: 

q = 0.0000015 
k = 0.20 
B„ = 7,000,000 kg 

The carrying capacity of Green Bay appears to be about 50% of the lakewide 
carrying capacity. The growth rates and catchabi l i ty coef f ic ients for yellow 
perch are about the same in Green Bay and Lake Michigan. 

The f i t of the model to the observed y ie ld data in Green Bay (Fig. 37) is 
similar co the lakewide f i t (Fig. 20). In Green Bay, as in the rest of Lake 
Michigan, a large decrease in catch occurred between 1963 and 1965. The model 
does not accurately predict catches pr ior to 1965 but predicts catches well 
from 1965 to 1977. I t would appear that the decrease in catch is not related 
to overf ishing. The stock production curve for Green Bay indicates that the 
yellow perch population is not over-exploited by the commercial f ishery. The 
MSY of 350,000 kg occurs at a biomass of about 3,500,000 kg. 

Table 40. Total catch, trap net e f f o r t 
(number of l i f t s ) , and catch per un i t of 
e f f o r t for yellow perch 1n Green Bay 
1960-1977. 

Year Catch (kg) E f fo r t 

1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 

695387.63 
1031650.56 
989950.88 
1039157.50 
602275.00 
243885•56 
161835^25 
333137^19 
121793.81 
149966.06 
167150^69 
112734.44 
105107.39 
107444.19 
358055.94 
221815.31 
163233.44 
265166.50 

29096.64 
43686•96 
28273.39 
27513.02 
33451.54 
32024.59 
18713.91 
18483^43 
11811.77 
11871.31 
13769.38 
13087.94 
12353.30 
12583.75 
18059.01 
28387.89 
23854.13 
26083.35 

23.90 
23.61 
35.01 

v.n 
18.00 
7.62 
8.65 
18.02 
10.31 
12.63 
12.14 
8^61 
8.51 
8.54 
19.83 
7.81 
6.84 
10.17 

Table 41 . Power p lant - re la ted parameters for 
impact of Pulliam Power Plant on yellow perch 
population of Green Gay (surplus production 
model)• 

Parameter 

Volume flow (m^/yr) 
Biomass impinged (kg) 
Proportion impinged 
Impingement coefficient 
Number of eggs entrained 
Proportion of eggs entrained 
Egg entrainment coefficient 
Number of larvae entrained 
Proportion of larvae entrained 
Larvae entrainment coefficient 

Estimate 

0 
0 
0 
0, 
0, 
0, 
0, 
0. 
0. 
0. 

• 774 ; 
• 4979 
.9957 
.6427 
.4526 
.2772 
,1789 
9102 
5574 
3598 

K 
X 
X 
X 
X 
X 
X 
X 
X 
X 

109 
10* 

w-> 
10-12 
10' 
lO""* 
10-13 
10' 
10-3 
lo-i* 
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Applying the surplus production model, the biomass of yellow perch in 
Green Bay in 1975 was estimated as 5,206,666 kg. Applying this estimate of 
biomass together with the observed volume flow and numbers and biomass 
impinged and entrained at the Pulliam Power Plant gave the parameter estimates 
listed in Table 41. The impingement and entrainment coefficients are higher 
when the impact on Green Bay is assessed than when the impact on Lake Michigan 
is assessed. This is expected because the biomass available to the Pulliam 
plant is considerably reduced when only Green Bay is under consideration. 

The estimate of the proportion of yellow perch in Lake Michigan impinged 
at Pulliam Power Plant is 0.4978 x 10-3. j^e proportion of the biomass in 
Green Bay estimated to be impinged is 0.9957 x 10-3. j^e yellow perch 
population of Green Bay in 1975 was about 50% of the lakewide estimate for 
1975. From the proportion of biomass in the lake impinged and the percent of 
the population of the lake estimated to be in Green Bay the proportion 
impinged in Green Bay is estimated as 0.4979 x 10-3 which is identical to the 
estimated obtained using only Green Bay data. 

Because the yellow perch entrainment and impingement coefficients are 
high when Green Bay is considered separately, the impacts of entrainment and 
impingement increase substantially as volume flow is increased. The relation 
between yellow perch standing stock biomass, maximum sustainable yield, and 
volume flow are given by the equations: 

B = 5,824,315 - 0.00004648Q 

MSY = 350,000 - 0.000004648Q, fr = 0.1285 x IQ-n, pr = 0.3578 x 10-13, 
hg = 0.7195 X lO-i"*. 

As volume flow increases the standing stock biomass and maximum sustainable 
yield slowly decrease (Figs. 38 and 39). At a flow of 7.74 x 10^ m3/yr, the 
reduction in standing stock of yellow perch in Green Bay is 0.0061 (0.61%) and 
the reduction in MSY is 0.0103 (1.03%). Consi'deration of Green Bay separately 
from the rest of Lake Michigan does not result in a significant change in the 
estimate of the impact of water withdrawal. 

The results of this study indicate that the cumulative impacts of 
impingement and entrainment resulted in relatively small decreases in standing 
stocks and yields of alewife, smelt, and yellow perch in Lake Michigan. The 
major source of uncertainty in the results reported here comes from the lack 
of data for parameter estimation, but even large errors in estimation would 
not cause a great change in the estimated level of impacts during 1975. 
Although the present level (capacity) of water withdrawal does not reduce 
standing stocks or yields of these species by more than a few percent, the 
intake-related losses should be evaluated in light of the recent status of 
each population in Lake Michigan. 

The published estimates of standing stock biomass of alewife available to 
trawls (1967-1978) [24] indicate cyclic fluctuations between 40 and 120 
million kilograms, and our estimates, based on the fishery indicate a peak 
biomass of >206 x 10^ kg in 1975. Recent estimates of the annual consumption 
of alewife by salmonid predators in Lake Michigan [34] indicate a maximum of 
30% of the standing stock biomass was consumed in 1975, a peak year in the 
cycle of alewife biomass fluctuations, and a maximum of 100% in 1977, a year 
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Fig. 38. Combined entrainment and impingement impact of in­
creased water withdrawal on biomass of yellow perch in Green 
Bay. Arrow indicates total design flow for all water intakes 
on Green Bay in 1975. 

VOLUME FLOW (M3 X 10=1 

Fig. 39. Combined entrainment and impingement impact of in­
creased water withdrawal of maximum sustainable yield (MSY) 
of yellow perch in Green Bay. Arrow indicates total design 
flow for all water intakes on Green Bay 1975. 
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when estimated alewife biomass was extremely low. Under natural conditions, 
the numbers of predatory fishes are a direct function of reproductive success,' 
natural mortality rates, and food supply. However, the numbers of salmonids 
in Lake Michigan are primarily under human control. Social pressures to 
increase salmonid stocking in Lake Michigan have resulted in the stocking of 
~12 million salmonids annually since 1973 and projected stocking rates of 15 
million per year by 1985. The potential effects of overstocking salmonids and 
overcropping alewife are becoming serious issues. The focus of fish manage­
ment and research efforts must be directed toward forage fish management via 
allocation of forage production among trophic, commercial, and other 
interests. For example, the loss of alewife biomass due to commercial fishing 
in 1975 was approximately 16 x 10^ kg. Assuming a limitation on available 
forage, this biomass would have produced ~2 x 10^ kg of salmonids (assuming a 
forage to predator conversion ratio of 7:1). Similarly, the loss of alewife 
to water intakes (~2 x 10^ kg in 1975) would convert to -280 thousand kilo­
grams of salmonids. 

Estimates of the minimum standing stock biomass of rainbow smelt in Lake 
Michigan indicate fluctuations between 11 and 16 million kg between 1973 and 
1978 [27] and -25 x 10^ kg in 1975 (this report). Although salmonid predation 
on smelt is not well quantified, it was recently estimated as -5.0 x 10^ kg or 
20% of the 1975 standing stock biomass [34]. Commercial fishing in 1975 
harvested 0.5 x 10^ kg (2%) and sport fishing accounted for -1.3 x 10^ kg 
(5.2%). The reductions in standing stock of rainbow smelt due to water 
intakes was estimated to be 0.75%. The status of the rainbow smelt population 
seems to be partially related to the status of the alewife population and the 
level of predation by salmonids. Although the smelt population has played a 
secondary role in the trophic system of Lake Michigan in the past, it may 
become a more valuable forage base if the alewife population is depleted to 
the point of being unable to support the predatory pressure. 

Yellow perch are not a forage species for salmonids. The yellow perch 
population in Lake Michigan has fluctuated greeftly since 1960. Apparently, 
the standing stock of yellow perch was -10.7 x 10^ kg lakewide and 5.2 x 10^ 
kg in Green Bay in 1975. Neither population seems to be impacted by the 
combined mortalities due to fishing and water intakes. 
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GLOSSARY OF TERMS 

Impingement: entrapment of fishes by water intakes and their subsequent 
removal from the process stream by traveling screens. 

Entrainment: entrapment of eggs and immature fishes by water intakes and 
their passage through the traveling screens into the process stream. 

Ichthyoplankton: "free-floating" or planktonic fish life-stages. Eggs and 
larvae are included in this term. 

Traveling Screen: typically a 3/8" wire-mesh screen located upstream of the 
intake pumps as a final filter. 

a,b: parameters in the parabolic length-weight equation. 

B: biomass of the population at time t. 

B„: environmental carrying capacity in terms of biomass (population size 
without fishing or water withdrawal). 

B(x) : biomass of individuals of age x. 

BQ: population biomass at some initial time t. 

C: annual catch from the fishery in numbers or kg. 

CPUE: catch per unit effort in the fishery. 

D: density of fish in lake (kg). 

D.J: density of fish at i^" intake (kg). 

E: fishing effort in some standard units such as lifts of pound nets or trap 
nets. 

EUB: egg production per unit of female biomass. 

f^: annual impingement coefficient for water intake i. 

fjyq: average annual impingement coefficient for sampled water intakes. 

f^jj^: maximum annual impingement coefficient for sampled water intakes. 

F: instantaneous fishing mortality coefficient. 

G: number of eggs produced by the population during a period of one year, or 
the number at time t. 

G'.,-: number of eggs entrained at intake i at time t. 

AG,-: number of eggs entrained at water intake i during one year. 

G(o): the initial nuraber of eggs produced by a cohort. 

93 



hjyg: average annual larval entrainment coefficient for sampled intakes. 

*̂ max- "ia)<imum annual larval entrainment coefficient for sampled intakes. 

h.j: larval entrainment coefficient for water intake i. 

I: number or biomass of fish impinged at time t. 

Al.j : number or biomass of fish impinged at water intake i during one year. 

k: population growth constant in surplus production model. 

K: growth parameter for weight of individual fish. 

i: length of an individual fish. 

«„: asymptotic length of an individual fish. 

ii(x): length of an individual at age x. 

L: number of larvae at time t or at age x. 

L': number of larvae entrained at time t. 

AL,-: number of larvae entrained at water intake i during a period of one 
year. 

L(o): initial number of larvae produced by a cohort. 

M: instantaneous natural mortality coefficient. 

M,-: mortality resulting from impingement (assumed to = 1). 

M'̂ : mortality rate of egg stage. 

M2: mortality rate of larvae. 

MSY: maximum sustainable yield. 

n: number of water intakes. 

N(x): number of individuals of age x. 

Pavg= average annual egg entrainment coefficient for sampled intakes. 

p,": egg entrainment coefficient for water intake i. 

Pmax= maximum annual egg entrainment coefficient for sampled intakes. 

q: catchability coefficient for the commercial fishery. 

Q-j: annual volume flow in m3 at water intake i. 

R: number of recruits entering exploited population. 
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t: time in years. 

At]^: amount of time from spawning to absorption of yolk sac. 

At2: amount of time from absorption of yolk sac to young-of-year stage. 

U^: integration constants for the dynamic pool model. 

V: volume of lake. 

W„: asymptotic individual weight for the dynamic pool model. 

W(x) : weight of an individual at age x. 

x: age. 

X(.: age when f i sh became catchable by commercial f i shery . 

x^: age when f i sh re recru i ted. 

X j : age when f i sh become impingeable. 

x^: age at matur i ty . 

XQ: theoret ical age when length is zero. 

Yg: annual y i e l d from the commercial f i shery . 

Y: y i e ld from the commercial f ishery at time t . 

Yg: equi l ibr ium y i e l d from f ishery . 

i: mor ta l i ty rate for prerecru i t l i fe -s tages in surplus production model. 

95 



APPENDIX A 
DAILY IMPINGEMENT AND ENTRAINMENT DENSITIES 

Figs. A.l.a - A.16.i: Daily densities of each species/life stage at each 
sampled plant 

Figs. A.l.a-A.16.a 

Figs. A.l.b-A.16.b 

Figs. A.1.C-A.16.C 

Figs. A.l.d-A.I6.d 

Figs. A.l.e-A.16.e 

Figs. A.l.f-A.16.f 

Figs. A.l.g-A.16.g 

Figs. A.2.h-A.16.h 

Figs. A.2.i-A.16.i 

Impinged alewife. 

Impinged smelt. 

Impinged yellow perch. 

Entrained alewife eggs. 

Entrained alewife larvae. 

Entrained smelt eggs. 

Entrained smelt larvae. 

Entrained yellow perch eggs. 

Entrained yellow perch larvae. 

NOTE: Figures for plants not reporting a species group were excluded. 
Heavy solid lines on x-axis indicate values < appropriate y-axis value. 
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Figure H. l.a ZION/HLEWIFE 

Figure Ĥ  2.a D.C.CODK/HLEWIFE 
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Figure fl. 3.a BRILLT/RLEWIFE 
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Figure fl. 7.o POINT BEflCHj'HLEwrFE 

355 
JHN FEB MRR RPR MRT JUN JUL HUG SEP OCT NOV DEC 

Figure fl. 8.0 PORT WHSH/RLEWIFE 

JHN FEB MflR HPR MHT JUN JUL HUG SEP OCT NOV DEC 
365 

100 



10̂  

10' 

10' 

10' 

F igu re fl. 9 .a LflKESIDE/flLEWIFE 
I I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I I M 1 I I I I I I 

iio-

lO-iUa 
0 365 

JHN FEB MflR RPR MAT JUN JUL flUG SEP OCT NOV DEC 
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Figure R.11.0 WflUKEGHN/RLENIFE 
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Figure n.15.a PHLISRDES/RLEWIFE 
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Figure fl. Kb ZION/SMELT 
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Figure H. 5.b PULLIHM/SMELT 
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Figure H. 9.b LHKESIDE/SMELT 
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Figure H.11.b WHUKEGHN/SMELT 
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Figure fl.15.b PRLISRDES/SMELT 
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Figure R. 3.c BRILLT/T.PERCH 
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Figure fl. 5.c PULLIAM/T.PERCH 
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Figure fl. 7.c POINT BERCH/T.PERCH 
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Figure fl.II.c WHUKEGHN/r.PERCH 
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Figure H. 1.d ZION/HLEWIFE EGGS 
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Figure H. 3.d BRILLT/HLEWIFE EGGS 
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Figure A. B.d KEWAUNEE/ALEWIFE EGGS 
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Figure H. B.d PORT WRSH/RLEWIFE EGGS 

Figure R. 9.d LHKESIOE/RLENIFE EGGS 
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Figure A.lO.d OAK CREEK/ALEWIFE EGGS 
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Figure H.12.d STHTELINE/ALEWIFE EGGS 
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Figure A.16.d BIG ROCK/RLEWIFE EGGS 
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Figure fl. 3.e BfllLLT/flLEWIFE LflRVflE 
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F igure fl. 6 .e KEWflUNEE/flLEWIFE LflRVflE 
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Figure R.12.e STHTECINE/RLEWIFE LHRVHE 
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Figure fl.lB.e BIG ROCK/flLEWIFE LflRVflE 
1 I I I 1 I M I M I I I I 1 I 

136 



F igure fl. l . F ZION/SNELT EGGS 
M I M M 

365 
JRN FEB MAR APR MHT JUN JUL RUG SEP OCT NOV DEC 

Figure R. 2.F D.C.COOK/SMELT EGGS 

365 

JflN FEB MAR APR MAT JUN JUL AUG SEP OCT NOV DEC 

137 
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Figure fl. B.f PORT WHSH/SMELT EGGS 
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Figure R.IB.F BIG ROCK/SMELT EGGS 
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Table B l . Estimates of proport ions of a l e w i f e standing stock impinged in 1975 and power p lant impi 

.production model. 

ngement c o e f f i c i e n t s ca lcu la ted using surplus 

paWEB PHUT I . 

1* 
2 
3 
4 
5 
6 
7 
fl 
9 

10 
1 1 * * 
12 
13 
1« 
15 
16 

VOLUME FLOW B l o m S S H P I N G E O P!>:iP3RrIJl l IHPtSGED 

0 . J l l B l i n 0 1 E » 1 0 
0 . 1 3 7 2 9 Q 0 1 I ! * 1 0 
0 . f i 6 9 U 9 9 9 0 E » 0 9 
0 . r > 9 6 9 0 0 1 0 E » 0 O 
0 . 7 7 U 7 0 0 0 3 f : » 0 9 
n . 8 2 1 7 0 0 1 0 E » 0 9 
0 . 1 S 5 2 0 0 0 0 E H O 
0 . 1 0 9 « 2 9 9 9 E » 1 0 
0 . 9 7 3 i t 0 0 0 f i E » 0 9 
0 . 2 « 5 1 2 0 0 0 E » 1 0 
0 . 11132«001E*10 
0 . 1 6 S 1 3 0 0 1 E » 1 0 
0 . 8 2 3 i l 9 9 9 7 E » 0 9 
0 . ' i 9 ( l 9 0 0 1 0 E » 0 9 
0 . 119llOOOOF»09 
0 . 9 5 5 0 0 0 0 n E * 0 8 

0 . 1 I 1693706E*06 
0 . 1 1 5 ' ) 0 3 9 1 E * 3 5 
n ." i75>t3711E»0« 
0 . 2 0 0 7 2 3 9 1 E » 3 ' > 
0 . l i n 5 7 1 2 9 E » 0 5 
0 . 5 6 2 9 6 6 f l 0 E * 0 l 4 
0 . 3 m 2 1 1 6 l t E » 3 ' ^ 
3 . 9 l t 7 9 1 3 7 5 E H ) 5 
0 . 3 1 0 l 4 5 9 l l 5 E » 1 H 
0 . 5 1 0 0 ' ; 3 ' ) 9 E * 0 5 
0 . 3 7 l | 3 7 0 2 0 E * 0 ' i 
0 . 3 6 5 4 8 9 6 1 8 * 3 5 
0 . 6 2 5 5 9 l t 9 2 E * 3 l l 
0 . 153B7852E»0i t 
3 . 1 2 7 5 8 3 l t 1 E » 0 2 
0 . i 4 7 8 1 6 9 2 5 E » 3 1 

0 . 7 3 I 1 7 E - 0 3 
0 . 5 7 9 5 B - 0 I 1 
a. 2 8 7 7 B - 0 ' * 
0 . 1 0 0 « E - 0 1 
0 . 2 0 6 8 8 - 0 3 
0 . 2 a l 5 E - 0 » 
0 . 1 9 0 6 E - 0 3 
0 . l »7 l | 0E -03 
U. 1552E-0 I1 
0 . 2 5 5 0 B - 0 3 
0 . l b 7 2 B - 0 3 
0 . 1 8 2 7 B - 0 3 
0 . 3 1 2 8 E - 0 4 
0 . 7 6 9 4 B - 0 5 
0 . 6 3 7 9 E - 0 7 
0 . 2 3 9 1 E - 0 7 

nPTSGEEIElir COEFFICIEm 

0 . 2 1 1 0 3 1 5 5 8 - 1 2 
0 . 1 7 7 0 6 6 0 7 E - 1 3 
0 . l l 2 9 7 5 1 l ( B E - 1 1 
0 . 1 6 3 1 3 B 6 7 E - 1 2 
0 . 2 6 6 9 2 3 5 8 8 - 1 2 
0 . 3 4 2 5 6 2 1 8 R - 1 3 
0 . 12U11 1 6 3 2 E - 1 2 
0 . 14 331111328 -12 
0 . 1 7 7 7 3 0 » 2 8 - 1 3 
0 . 1010111618-12 
0 . 1 3 0 6 7 9 3 2 E - 1 2 
0 . 1 1 0 6 6 7 2 3 E - 1 2 
0 . 3 7 9 7 I 1 6 8 9 E - 1 3 
0 . 1 2 3 8 9 8 0 9 8 - 1 3 
0 . 5 3 l t 2 6 8 7 8 E - 1 5 
0 . 2 5 0 3 5 0 3 3 E - 1 5 

Zion (p lan t 1) biomass impinged i n 1975 was 0.9532 x 10^. The value in the tab le is for 1974. 
• Waukegan ( p l a n t 11) biomass impinged in 1975 was 0.4536 x 105. The value in the tab le is for 1974. 

Table 82 Estimates of proport ions of a l e w i f e ^ggs produced in 1975 that were entrained and power plant entrainment 

c o e f f i c i e n t s c a l c u l a t e d using the surplus production model. 

POilEB PtSKT I . 0. VDLIBE FLOW 
NBRBEP ENTHAINED PBOPOETIOS ENTBATKED V.HT. COEFFICIEST 

t o 

O 

- o 
TO 
O 

o 

3 m 

3 H 
m ^ ^ 
a 

g BO 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
IS 
16 

0 . 3 « 8 1 l t 0 0 1 E H 0 
0 . 3 2 7 2 9 0 0 1 E H 0 
0 . 6 6 9 1 1 9 9 9 0 E » 0 9 
0 . 7 7 l t 7 0 0 0 3 E » 0 9 
0 . 8 2 1 7 0 0 1 0 E » 0 9 
0 . 1 5 3 2 0 0 0 0 E * i n 
0 . l 0 9 l t 2 9 < > 9 E » 1 0 
0 . 8 7 3 a 0 0 0 6 E * 0 9 
0 . 2 1 5 1 2 0 0 0 8 * 1 0 
0 . 111321001E*10 
0 . 1 6 5 1 3 0 0 1 8 * 1 0 
0 . 8 2 3 6 9 9 9 7 E * 0 9 
0 . 5 9 6 9 0 0 1 0 f ; * 0 9 
0 . 1 1 9 1 0 0 0 0 E * 0 9 
O . 9 5 5 0 0 0 0 0 E * 0 R 

0 . 1 i t l 3 7 3 9 8 E * 1 0 
0.17nO0OOOE»10 
0 . « 2 2 0 1 8 7 l l E * t O 
0. 11316390I*E»09 
0.1731198568*08 
0 . 1 5 7 1 5 8 6 0 8 * 0 7 
0 . 3 7 3 2 5 2 1 0 8 * 0 7 
0 . 5 7 9 7 2 9 0 0 E * 0 7 
0 . 9 2 6 a 3 7 8 0 E * 0 7 
0 . 3 6 9 1 6 1 2 1 E * 1 0 
0 . 7 9 5 2 1 9 7 1 8 * 0 9 
0 . 2 P 8 1 1 5 9 5 E * 1 0 
0 . 1 1 0 m 3 1 9 E * 0 6 
0.0 

0.0 

0.38116852E-01 
0 . 1 6 1 9 5 6 6 6 E - 0 1 
0.11167905E-03 
0.11729327E-01 
0.12866813E-05 
0. 121118118-06 
0. 10112719E-06 
0. 11391811E-06 
0.25185000E-06 
0.10039793E-03 
0.21609230E-01 
0.81099168E-01 
0.382726038-08 

0 . 0 
0 . 0 

0 . 1 1 0 3 1 8 8 8 8 - 1 3 
0. 111116058-13 
0.171290518-12 
0. 15110173E-13 
1.156587706-11 
3.31212S81E-16 
0.926868858-16 
0. 16181355E-15 
0.10271567E-15 
0.700906e9E-13 
0.13086198E-13 
0.98157538E-13 
0 . 6 1 1 1 8 9 8 0 E - 1 7 
0 . 0 
0 . 0 

a 



Table 83. Estimates or proportions of alewife larvae produced in 1975 that were entrained and power plant entrainment 

coef f ic ients calculated using the surplus production model. 

t>OHER PLRST T . D . TO10B8 FLOW NniBEP EliTBAISEO P 8 0 P 0 B I I 3 B ESTBHIIEO EHT. COEFFICIBHT 

1 

2 
3 
5 
6 
7 
8 
9 

10 
1 1 
12 
1 3 
1 4 
15 
16 

0 . 3 1 8 1 1 0 0 1 8 * 1 0 
0 . 3 2 7 2 9 n 0 1 E * 1 0 
0 . 6 6 9 1 9 9 9 0 8 * 0 9 
0 . 7 7 1 7 0 0 0 3 B » 0 9 
0 . 3 2 1 7 0 0 1 0 8 * 0 9 
0 . 1 5 3 2 0 0 0 0 8 * 1 0 
0 . 1 0 9 1 2 9 9 9 8 * 1 0 
0 . 8 7 3 1 0 0 0 6 8 * 0 9 
0 . 2 1 5 1 2 0 0 0 8 * 1 0 
0 . 1 1 3 2 1 0 0 1 8 * 1 0 
0 . 1 6 5 1 3 0 0 1 8 * 1 0 
0 . 8 2 3 6 9 9 9 7 8 * 0 9 
0 . 5 9 5 9 0 0 1 0 8 * 0 9 
0 . 1 1 9 1 0 0 0 0 8 * 0 9 
0 . 9 5 5 0 0 0 0 0 8 * 0 8 

0 . 159721668*08 
0 . 2 1 0 0 0 0 0 0 8 * 0 9 
0 . 1 1 6 1 5 2 6 1 8 * 0 8 
0 . 6 6 6 9 1 2 5 0 8 * 0 5 
0 . 6 2 2 1 7 2 0 0 8 * 0 6 
0 . 3 1 3 0 0 3 5 0 8 * 0 6 
0 . 1 2 3 5 9 6 3 1 8 * 0 6 
0 . 1 0 9 5 6 5 1 0 8 * 0 7 
0 . 2 1 7 7 8 2 6 0 8 * 0 7 
0 . 5 1 2 0 1 8 8 0 8 * 0 8 
0 . 1 1 1 1 1 9 0 0 8 * 0 7 
0 . 1 0 0 9 3 3 2 5 8 * 0 8 
0 . 6 1 5 6 1 8 8 3 8 * 0 1 
0 . 7 3 1 3 1 7 3 3 8 * 0 1 
0 . 1 0 0 6 2 3 2 8 8 * 0 2 

0 . 1 3 1 0 3 5 0 3 8 - 0 1 
0 . 5 7 0 6 5 3 0 1 8 - 0 3 
0 . 1 1 3 0 8 5 1 2 8 - 0 3 
0 . 1 8 1 2 2 6 1 8 8 - 0 6 
0 ^ 1 6 9 t 5 0 1 9 E - 0 5 
0 . 9 3 2 0 7 6 0 9 8 - 0 6 
0 . 1 1 5 1 0 7 8 3 8 - 0 5 
0 . 2 9 7 7 3 1 6 1 8 - 0 5 
0 . 6 7 3 3 2 3 2 1 8 - 0 5 
0 . 1 3 9 1 1 3 9 0 8 - 0 3 
0 . 1 1 2 6 2 2 1 7 8 - 0 1 
0 . 2 7 1 1 1 1 2 9 8 - 0 1 
0 . 1 6 7 2 9 6 1 1 8 - 0 7 
0 . 1 9 8 7 2 7 7 0 8 - 1 0 
0 . 2 7 3 1 1 3 2 2 8 - 1 0 

0 . 1 2 1 6 7 2 1 5 E - 1 5 
0 . 1 7 1 3 5 6 8 8 8 - 1 1 
0 . 1 6 8 9 0 9 6 6 8 - 1 1 
0 . 2 3 3 9 3 0 9 0 8 - 1 7 
0 . 2 0 5 8 5 3 7 6 8 - 1 6 
0 . 6 0 8 1 0 1 0 8 8 - 1 7 
0 . 1 0 5 1 8 8 1 9 8 - 1 6 
0 . 3 1 0 8 8 7 7 5 8 - 1 6 
0 . 2 7 1 5 9 1 0 6 8 - 1 6 
0 . 9 7 1 1 0 2 7 9 E - 1 S 
0 . 6 8 2 0 2 0 1 7 8 - 1 6 
0 . 3 3 3 1 1 1 1 1 E - 1 5 
0 . 2 8 0 2 7 1 6 1 E - 1 8 
3 . 1 6 b 1 3 8 5 3 E - 2 0 
0 . 2 8 6 3 1 7 2 1 8 - 2 0 

Table B4. Estimates of proportions of yellow perch standing stock impinged in 1975 and power plant impingement coeff icients calculated using the 
surplus production model. 

PCHER PLANT VOLUME FLCW BIOMASS IMPINGED PRCPCPTICK IHPINCED IMPINGEMENT COEFFICIENT 

7 
8 
9 

10 
11 * 
12 
13 
14 
15 
16 

C .348110C1E* IC 
0 . 3 2 7 2 9 0 0 I E « 1 C 
0.669<.9990E<09 
c.5?e9ccicE*c<; 
C.77'.70CO3E*O9 
C.82l70010E*a9 
0.15320C00E*1C 
0.10942S99E*10 
0.87340CC6E*C9 
0.i4512CCCE*lC 
0.14 3240CIE410 

i;.u;i3cciE«ic 
0.82369997E«0<. 
C.5S69CC1CE*CS 
0 .U9«OOC0E»C' ; 
C .955000C0E*08 

0 .25907<.«6E*03 
C.96 ' ;31714E*03 
0 . 5 « 5 3 0 6 6 9 E * 0 2 
0 . 8 2 i e 9 8 1 9 E * 0 2 
0 . « 9 l £ 6 7 5 8 E * C ' i 
0 . 4 « 3 7 8 8 4 5 E * 0 2 
0 . 4 3 1 t 8 0 4 5 E * C 2 
0.4C8e71<i6E*02 
0 . 6 3 1 C 9 7 8 9 E * 0 1 
0 . 15 i75256E*C3 
0.5546<>066E*02 
0 . 10172827E«03 
0 . 5 9 « 5 3 8 « 2 E * 0 2 
O . U 9 2 2 5 3 e E * 0 2 
0 . Ut ' i73<i7E*CC 
0 . 2 < i 2 C 7 2 0 l E * 0 1 

0 . : 5 9 1 E - C 4 
0 . 9 6 9 3 E - 0 * 
C .5453E-C5 
0 . 8 2 1 9 E - 0 5 
0 . 4 9 7 9 E - 0 3 
0 . 4 4 3 S E - 0 S 
0 . 4 3 1 7 E - 0 5 
C.4C89E-C5 
0 . t 3 1 1 E - C ( 
0 . i ; 2 8 E - 0 « 
C . ! 5 * 6 E - C 5 
0 . 1 0 7 7 E - 0 4 
C .5995E-C5 
0 . 1 1 9 J E - 0 5 
0 . 1 1 8 S E - 0 7 
C . 2 4 2 1 E - C t 

C .74416723E-1« 
0 . 2 9 6 1 6 * 6 0 E - 1 3 
0 . e i * 5 0 1 8 0 E - 1 4 
0 . 1 3 7 6 9 4 « 6 e - 1 3 
0 . 6 4 2 « ! « J i e - 1 2 
0 . S 4 0 0 a 3 e 3 E - 1 4 
0 . 2 8 1 7 T S T 8 E - 1 4 
0 . 3 7 3 6 J T 4 I E - 1 4 
0 . 7 2 2 5 T 6 2 g E - l S 
0 . 6 2 3 1 7 4 « 8 e - 1 4 
C . 3 8 T 2 1 0 6 1 E - 1 * 
0 . 6 5 2 3 e 4 4 4 E - 1 4 
0 . 7 2 T 8 6 a 4 S E - U 
C . 1 9 9 7 4 0 9 6 E - U 
0 . 9 9 2 2 4 0 2 0 E - 1 6 

c . 2 : 3 4 7 a : 9 E - t 4 

* Zion (plant 1) biomass impinged in 1975 was 0.1420 x 10 

** Waukegan (plant 11) biomass impinged in 1975 was 0.6145 

The value in the table is for 1974. 
102. The value in the table is for 1974. 



; : ^ : ; l % ^ = f f i " e r n i c : , ^ S ° u : ; ; 9 ' t h e surpius-produciion model 

,„„3 of yellow perch eggs produced in 1975 that were entrained and power plant e n t r a i n -

PCkEP PLANT i . e . 

1 
2 

1 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

VOLUME FLCh 

0 . 3 < i 8 l 4 0 C l t « l C 
0 . 3 2 7 2 9 G 0 1 E * 1 0 
C . 6 6 9 4 5 9 S C E * C 9 
0 . 7 7 4 7 a O J 3 E * 0 9 
C .8217CC1CE*C9 
G . 1 5 3 2 0 0 0 C E * 1 0 
0 . 10 'J4299SE*10 
0 . 8 7 3 4 C O C t E * C 9 
0 . 2 4 5 l 2 0 0 C t < 1 0 
0 . 1 4 3 2 4 L C 1 E * 1 0 
O . 1 6 5 1 3 0 C l f c * 1 0 
0 . 8 2 3 6 9 9 9 7 E » 0 9 
C . 5 9 6 9 C C I C E * C 9 
C . l l 9 4 0 0 0 C E » C 9 
C.9550COCCE*C8 

NUFBEP E M P A I S E D fPOPQBTION ENIRAINEO E M . C C E f f l C I E M 

c.c 
0.18e00C00E«08 
C.135E083tE*05 
0.45264220E*07 
O.C 
C.C 
G.O 
C.G 
0 . 0 
O.C 
C.G 
0 . 0 
C O 
C O 
G.O 

C.G 
0 . 5 7 5 6 6 2 8 5 E - C 4 
0 . 4 1 5 8 5 G 2 2 E - 0 7 
0 . 1 3 e ( C C 7 2 E - C 4 
0 . 0 
c.c 
0 . 0 
0 . 0 
C.G 
0 . 0 
C.C 
0 . 0 
0 . 0 
G.O 
0 . 0 

C.C 
C . 1 7 5 8 E 7 7 5 e - 1 3 
0 . 6 2 1 1 3 5 6 1 E - 1 4 
0 . 1 7 8 9 0 8 8 8 6 - 1 3 
O.C 
C.C 
O.C 
0 . 0 
G.C 
0 . 0 
0 . 0 
O.C 
0 . 0 
0 . 0 
C O 

Table 86 . Estimates of proport ion of yel low perch larvae produced in 1975 that were entrained and power plant en t ra in ­

ment c o e f f i c i e n t s ca lculated using surplus production model. 

PakEP PLANT I.C. VOLUME FLOl> 
L̂I'BEIi ENTB/INEO FBCPCRTION ENTRAINEC ENI. COEFFICIENT 

1 
2 
3 
S 
6 
7 

8 
9 

10 
11 
12 

il 
IS 

16 

C.34ai4CClE*lC 
G.3272900JE*10 
C.669499SCE*09 
0.7747CCC3E*C9 
0.82170010E*09 
0. 15320CCCE*1C 
0.1094299SE*10 
0.8734000tE*G9 
0.24512CCCE*1C 
0.14324C01£*10 
0.16513GC1E*1C 
0.82369997E+C9 
C.59690010E«09 
0.1194CCCCE*CS 
O.955OCCCCE«08 

C.C 
C.152C0CCCE*C6 
0 . 1 5 5 2 8 a l 6 E * 0 5 
C. ' ;1C21S94E*C6 
0 . 0 
G.O 
C 6 7 2 4 e 5 e 4 E * C 4 
O.G 
C.C 
0.0 
0.0 
C.C 
0.0 
C.C 
0.0 

G.O 
0.46849207E-C4 
G.47549856E-05 
C 2 7 8 7 1 2 9 5 E - 0 3 
G.G 
0 . 0 
0.20591906E-a5 
0.0 
0.0 
0.0 
0.0 
0.0 
C.C 
0.0 
0.0 

0.0 
0.14314269E-15 
0 . 7 1 0 2 2 6 7 9 6 - 1 6 
0 . 3 9 9 T 6 8 4 4 E - 1 * 
0 . 0 
0 . 0 
0.188I7406E-16 
O.C 
0.0 
O.C 
0.0 
0.0 
C.C 
0.0 
O.O 



Table B7. Estimates o f p ropor t ions o f smelt s tanding stocl( impinged i n 1975 and power p lan t impingement c o e f f i c i e n t s ca l cu l a ted using the surp lus 

p roduc t ion model. 

POWER PLANT 1 . C. VOLUME FLOW BIOMASS IMPINGED PKCPCPTIC^ IMPINGED IMPINGEMENT COEFFICIENT 

10 
11 
12 
13 
14 

0 . 3 4 8 1 4 0 C I F * 1 G 
J . 3 2 7 2 9 0 0 1 F * 1 C 
0 . f c 6 9 4 9 9 9 0 E * 0 9 
0 . 5 9 6 9 C C I 0 E * 0 9 
0 . 7 7 4 7 0 0 0 3 E * 0 9 
0 . 8 2 1 7 0 0 1 0 6 * 0 9 
J . 1 5 3 2 0 0 0 0 E * 1 C 
0 . 1 0 9 4 2 9 9 9 F * 1 0 
0 . 8 7 3 4 0 0 C 6 E * 0 9 
0 . 2 4 5 1 2 0 0 0 E * 1 C 
a . l 4 3 2 4 0 0 1 E * 1 0 
O . l e 5 1 3 0 0 1 E * l C 
0 . 8 2 3 6 9 9 9 7 E * 0 9 
0 .5969CClCE*0> i 
0 . 1 1 9 4 0 G 0 G E * 0 ' ; 
C .95500000E+08 

0 . 2 7 4 C 9 4 1 4 E * 0 5 
0 . 1 1 8 I 4 7 7 4 E * 0 3 
0 . 2 9 7 5 8 0 4 1 E * 0 2 
0 . 2 0 4 I 3 3 5 0 E * 0 2 
0 . a 7 ' . 3 3 8 3 3 E * 0 3 
0 . 6 9 5 0 6 8 6 0 E * 0 3 
0 . 1 3 6 C 7 6 5 9 E * 0 4 
0 . 15913701E*04 
0 . 7 5 2 6 6 0 2 7 E * 0 I 
0 . 5 5 5 2 2 8 1 3 E * 0 4 
0 . 2 7 I I 6 6 5 J E * 0 3 
0 . t 0 C 6 9 6 4 1 E * 0 2 
0 . 5 4 1 5 1 0 2 0 E * 0 1 
0 . 1 6 0 5 5 5 8 1 E * 0 2 
0 . 2 3 6 9 4 7 0 0 E * 0 0 
0 . 2 9 a 2 2 7 0 2 E * O l 

0 . I 0 9 6 E - 0 2 
0 . 4 7 2 6 E - 0 5 
C. I I 9 0 E - 0 5 
0 . 8 1 6 7 E - 0 6 
C . 3 4 9 7 E - 0 4 
0 . 2 7 8 0 F - 0 4 
0 . 5 4 4 3 E - 0 4 
C . t 3 6 5 E - C 4 
0 . 3 0 1 I E - 0 6 
0 . 2 2 2 1 E - G 3 
C . l C a 5 E - G 4 
C . 2 4 0 3 E - 0 5 
C . 2 I < ) 6 E - 0 6 
0 . t 4 2 2 E - 0 6 
0 , 9 4 7 8 E - 0 8 
C . I 1 9 3 E - 0 t 

* Zion (p l an t 1) biomass impinged i n 1974 was 0.4263 x l O ' . The values i n the t a b l e are f o r 1974. 
* * Waukegan ( p l a n t 11) biomass impinged i n 1975 was 0.5448 x 10^. The values i n the t a b l e are f o r 1974. 

C . 3 1 4 9 2 4 2 5 E - 1 2 
0 . I 4 4 3 9 5 1 7 E - 1 4 
C . 1 7 7 7 9 2 6 6 E - I 4 
C. I 3 6 8 2 9 2 8 E - 1 4 
C . 4 5 I 4 4 6 2 0 E - 1 3 
C. 33835fc32E-13 
0 . 3 5 5 2 9 1 3 6 E-13 
C . 5 8 I 6 9 3 9 8 E - 1 3 
0 . 3 4 4 7 0 3 4 5 E - 15 
0 . 9 0 6 0 5 0 9 5 E - 1 3 
C . 7 5 7 2 3 6 6 1 E - 1 4 
C . 1 4 5 5 0 e 7 2 E - I 4 
C . 2 6 2 9 6 4 7 7 E - I 5 
C . I 0 7 5 9 3 1 5 E - 1 4 
0 . 7 9 3 7 9 2 2 9 F - I 6 
0 . I 2 4 9 1 1 8 4 F - 1 4 

Table B8. Est imates o f p ropor t i ons o f smelt eggs produced i n 1975 t ha t were en t ra ined and power p lan t entra inment 
c o e f f i c i e n t s c a l c u l a t e d us ing the surp lus product ion model. 

POWER PLANT I . D . VOLUME FLOW NUMBER ENTRAINED PROPORTION ENTRAINED ENT. COEFFICIENT 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

0 . 3 4 8 1 4 0 0 1 6 * 1 0 
0 . 3 2 7 2 9 0 0 1 E * 1 0 
0 . 6 6 9 4 9 9 9 0 E * 0 9 
0 . 7 7 4 7 0 0 0 3 £ * 0 9 
G . 8 2 1 7 0 0 1 0 E * C 9 
G . 1 5 3 2 0 C 0 C E * I 0 
0 . 1 0 9 4 2 9 9 9 E * 1 0 
G . 8 7 3 4 0 0 0 6 E * 0 9 
G . 2 4 5 I 2 G 0 0 E « 1 0 
0 . 1 4 3 2 4 0 0 1 E * 1 0 
0 . 1 6 5 1 3 0 C 1 E H O 
0 . « 2 3 6 9 9 9 7 E « 0 9 
0 . 5 9 6 9 0 0 1 C E * C 9 
0 .1194G0aGE<C9 
0.9550UOOOE*08 

C.7435<;'i36t*C9 
O.752OO0OOE*O8 
0.45243650E*07 
0 . 7 6 7 6 7 1 9 0 E * 0 7 
0 . 4 9 8 2 7 0 8 0 E + 0 7 
0 . 0 
0 . 2 4 ; e 4 t 8 e E * 0 6 
C.C 
0.1GCCa956E*06 
0 .2336Oa51E*G9 
0.31467616E*08 
0.21424140E*07 
0 . 0 
C O 
0 . 0 

0 . 5 5 4 2 I 6 7 9 E - 0 3 
0 . 5 6 0 4 7 8 0 7 E - 0 4 
0.33720B35E-05 
0 . 5 7 2 1 5 8 5 7 E - C 5 
0 . 3 7 l 3 6 9 4 2 f - C 5 
C O 
0.18323374F-C6 
0.0 
C 7 4 5 9 8 4 0 4 E - 0 7 
0.I74II230E-C3 
0 . 2 3 4 5 3 3 2 2 E - 0 4 
0 . 1 5 9 6 7 7 6 2 E - C 5 
0 . 0 
C O 
0 . 0 

0 . I 5 9 1 9 3 6 8 E - 1 2 
C. 1 7 I 2 4 8 1 4 E - 1 3 
0 . 5 0 3 6 7 2 2 2 E - 1 4 
0 . 7 3 8 5 5 4 7 9 E - 1 4 
0 . 4 5 1 9 5 2 3 9 E - I 4 
0 . 0 
C U 7 4 4 3 8 3 E - 1 5 
0 . 0 
0 . 3 C 4 3 3 4 I 7 E - 1 5 
C . I 2 I 5 5 2 8 3 E - 1 2 
0 . 1 4 2 0 2 9 5 0 E - I 3 
C 1 9 3 8 5 4 1 6 E - 1 4 
0 . 0 
0 . 0 
O.C 



Tab le 89 . Es t imates o f p r o p o r t i o n s o f smel t l a r v a e produced i n 1975 t h a t were e n t r a i n e d and power p l a n t en t ra i nmen t 

c o e f f i c i e n t s c a l c u l a t e d u s i n g the s u r p l u s p r o d u c t i o n model . ^ 

POWER PLANT VOLUME FLOk NU MBEB ENTRAINED PROPORTION ENTRAINED ENT. C C E F f l C I E N T 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

0 . 3 4 6 1 4 G 0 1 E * 1 0 
0 . 3 2 7 2 9 0 0 1 E * 1 0 
C . 6 6 9 4 9 9 9 0 E * 0 9 
0 . 7 7 4 7 0 G 0 3 E * C 9 
0 . 8 2 1 7 0 0 1 0 E * 0 9 
0 . 1 5 3 2 C G O C E * 1 0 
0 . 1 0 9 4 2 9 9 9 E * 1 0 
0 . e 7 3 4 0 0 U 6 E * 0 9 
0 . 2 4 5 1 2 0 0 C E * 1 0 
0 . 1 4 3 2 4 0 0 1 E * 1 0 
0 . 1 6 5 1 3 0 0 1 E * 1 0 
0 , 8 2 3 6 9 9 9 7 E + 0 9 
0 . 5 9 6 9 0 0 1 0 E * 0 9 
0 . 1 1 9 4 0 0 0 0 E * 0 9 
0 . 9 5 5 D 0 0 0 0 E * 0 8 

0 . 1 1 9 2 0 4 a 2 E * 0 e 
0.244C0C00E*07 
0 . 3 l 3 7 4 5 e 8 E * 0 6 
0 . 1 3 5 2 0 C 8 8 E * 0 6 
0 . 1 0 1 P 9 2 C 5 E * C 8 
0 . 1 9 4 2 7 8 2 0 E * 0 7 
C . 4 3 C 4 9 1 3 8 E * 0 6 
0 . 0 
0 . 6 6 5 6 7 8 9 0 E * 0 7 
0 . 1 8 2 7 2 6 6 9 E * 0 6 
0 . 1 0 S 8 3 3 8 8 E * 0 6 
0 . 9 8 ^ 5 9 7 7 C E * 0 7 
0 . 2 4 7 9 5 9 6 7 E * C 3 
0 . 1 4 6 1 3 8 1 1 E * G 2 
G . 5 2 5 0 9 G 3 3 E * 0 3 

0 . 8 8 3 4 5 4 0 3 E - 0 3 
0 . 1 8 1 8 5 7 4 2 t - 0 3 
0 . 2 3 3 8 4 0 1 1 E - C 4 
0 . 1 0 0 7 6 7 5 6 E - 0 4 
0.759419G5E-C3 
0.14479891E-03 
0 . 3 2 0 8 5 2 5 6 E - 0 4 
0 . 0 
0 . 4 9 6 1 4 1 8 5 E - 0 3 
0 . l 3 6 i e 9 3 6 E - C 4 
0 . 8 1 1 1 5 7 6 8 E - 0 5 
0 .73755572E-03 
0 . 1 8 4 8 0 8 6 1 E - G 7 
0 . l 0 e 9 l 9 2 5 E - 0 e 
0 . 3 9 1 3 5 8 9 1 E - C 7 

0 . 2 5 5 1 9 9 9 
0 . 5 5 5 6 4 5 5 
0 .3492757 
0 . 1300728 
0 . 9 2 4 2 0 3 7 
0 . 9 4 5 1 6 1 5 
0 . 2 9 3 2 0 3 2 
O.C 
0 . 2 0 2 4 0 7 6 
0 . 9 5 0 7 7 6 4 
0 . 4 9 1 2 2 3 1 
0 . 8 9 5 4 1 8 1 
0 . 3 C 9 6 1 3 7 
0 . 9 1 2 2 2 0 4 
0 . 4 0 9 7 9 9 5 

9 E - 1 4 
7 E - 1 5 
3 E - 1 5 
7 E - 1 5 
5 E - 1 4 
C E - 1 5 
l E - 1 5 

l E - 1 4 
8 E - 1 6 
3 E - 1 6 
8 E - I 4 
OE-18 
7 E - I 9 
OE-17 

Table BIG. Estimates of proportions of alewife standing stock impinged in 1975 and power plant impingement coefficients calculated using the 

dynamic pool model. 

P3»EB PUMI I . D. 

1 * 
2 
a 
4 
5 
6 
7 
B 
9 

10 
1 1 * * 
12 
13 
1» 
15 
16 

?0LII(1E FLOW 

0 . 3 1 8 1 1 0 0 1 E * 1 0 
0 . 3 2 7 2 9 0 0 1 8 * 1 0 
0 . 6 6 9 1 9 9 9 0 E * 0 9 
0 . 5 9 6 9 0 0 1 0 E * 0 9 
0 . 7 7 1 7 0 0 0 3 E * 0 9 
0 . 8 2 1 7 0 0 1 0 8 * 0 9 
0 . 1 5 3 2 0 0 0 0 8 * 1 0 
0 . 1 0 9 1 2 9 9 9 8 * 1 0 
0 . 8 7 3 1 0 0 0 6 8 * 0 9 
0 . 2 1 5 1 2 0 0 0 E * 1 0 
0 . 1 1 3 2 1 0 0 1 8 * 1 0 
0 . 1 6 5 1 3 0 0 1 8 * 1 0 
0 . 8 2 3 6 9 9 9 7 8 * 0 9 
0 . 5 9 6 9 0 0 1 0 8 * 0 9 
0 . 1 1 9 1 0 0 0 0 8 * 0 " 
0 . 9 5 5 0 0 0 0 0 8 * 0 8 

BIOMASS IMPIHGBO 

0 . 1 4 6 9 3 7 0 6 8 * 0 6 
0 . 1 1 5 9 0 3 9 1 E * 3 5 
0 . 5 7 5 1 3 7 1 1 8 * 0 1 
0 . 2 0 0 7 2 3 9 1 8 * 0 5 
0 . 1 1 3 5 7 1 2 9 E * 0 5 
0 . 5 6 2 9 6 6 8 0 8 * 0 1 
0 . 3 a i 2 1 1 6 1 E * 0 5 
0 . 9 1 7 9 1 3 7 5 8 * 0 5 
0 . 3 1 0 1 5 9 1 5 8 * 0 1 
0 . 5 1 0 0 5 3 5 9 8 * 0 5 
0 . 3 7 1 3 7 0 2 0 E * 0 5 
0 . 3 6 5 1 8 9 6 1 E * 3 5 
0 . 6 2 5 5 9 1 9 2 8 * 0 1 
1 . 1 5 3 R 7 a 5 2 E * 0 1 
0 . 1 2 7 5 8 3 1 1 8 * 0 2 
0 . 1 7 8 1 6 9 2 5 E * 0 1 

PROPOPnON l a P I N G B D IFIPIUGBIIEIir COEFPICIEIIT 

0 . 6 1 8 9 8 - 0 3 
0 ^ 1 8 8 2 8 - 0 1 
0 . 2 1 2 1 8 - 0 1 
0 . 8 1 5 5 8 - 0 1 
0 . 1 7 1 2 8 - 0 3 
0 . 2 3 7 1 8 - 0 1 
0 . 1 6 0 6 8 - 0 3 
0 . 3 9 9 3 8 - 0 3 
0 . 1 3 0 8 8 - 0 1 
0 . 2 1 1 8 8 - 0 3 
0 . 1 5 7 7 8 - 0 3 
0 . 1 5 1 0 8 - 0 3 
0 . 2 6 3 5 8 - 0 1 
0 . 6 1 8 2 8 - 0 5 
0 . 5 3 7 1 E - 0 7 
0 . 2 0 1 1 8 - 0 7 

• • „oH ir. 1975 was 0 9532 x 10° . The va lue i n the t a b l e i s f o r 1974. 

« r . e 5 S ; ' " p l a ! t " i r b i o : s r ? : p i : g e d " n 1975°was 0.4536 x 1 0 ^ The va lue i n the t a b l e i s f o r 1974. 

0 . 1 7 7 7 8 1 2 7 E - 1 2 
0 . 1 U 9 1 6 9 9 2 E - 1 3 
0 . 3 5 2 0 1 5 7 0 8 - 1 3 
0 . 1 1 1 6 1 8 9 5 8 - 1 2 
0 . 2 2 1 8 7 0 6 3 8 - 1 2 
0 . 2 3 8 5 9 2 7 3 8 - 1 3 
0 . 1 0 1 8 1 1 9 7 8 - 1 2 
0 . 1 5 1 3 7 8 6 5 8 - 1 2 
0 . 1 1 9 7 2 9 6 1 8 - 1 3 
0 . 8 7 6 5 0 2 1 0 E - 1 3 
0 . 1 1 0 0 9 1 2 1 8 - 1 2 
0 . 9 3 2 3 2 0 0 8 E - 1 3 
0 . 3 1 9 9 1 9 0 6 8 - 1 3 
0 . 1 0 8 5 9 0 6 1 E - 1 3 
0 . 1 5 0 0 9 6 5 8 8 - 1 5 
0 . 2 1 0 9 0 8 5 6 E - 1 5 



Table Bll. Estimates of proportions of alewife eggs produced in 1975 that were entrained and power plant entrain­
ment coefficients calculated using the dynamic pool model. 

f 0 4 E P PL.^ST I . D. V 0 1 0 1 8 FLOil BUflBBR EBTBAIB80 PROPOBTIDS BSTPAIIIBO EUT. COEFFICIBIIT 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
1 2 
1 3 
14 
15 
16 

0, 
0. 
0. 
0, 
0. 
0 . 
0. 
0. 
0 . 
0 . 
n. 
0. 
0 . 
0 . 
0 . 

.318110018*10 

.327290018*10 

.66919<JO0E*0n 

.771700018*09 
, 821700108*09 
.153200008*10 
, 109120998*10 
.873100068*09 
,215120008*11 
.113210018*10 
, 165130018*10 
,823699978*09 
596900108*09 

,119100008*09 
,955000008*08 

0. 
0. 
0. 
0 . 
0 . 
0 . 
0 . 
0 . 
0. 
0 . 
0 . 
0 . 
0. 
0 . 
0 . 

111373988*10 
, 170000008*11 
.1?20ia71E*10 
111639018*09 

, 1711*98568*0'! 
157853608*07 

,371252108*07 
529729008*07 

,926807808*07 
3fi9161218*10 

,795719718*09 
298115958*10 

, 110913198*06 
0 

,0 

0. 
0 . 
0 . 
0 . 
0 . 
0 . 
0. 
0. 
0. 
0. 
0. 
0. 
0 . 
0. 
0 . 

,819871138-
102195738-

,253597118-
,259'48021B-
,281611118-
,275212798-
,221380988-
318117298-

,557151728-
,222113918-
,17f lH7iaB-
,179111178-
,au65aoi58-
,0 
,0 

•01 
-02 
-03 
• 0 1 
-04 
-05 
-05 
•05 
-05 
•02 
- 0 1 
•02 
-07 

0. 
0 . 
0 . 
1 . 
1 . 
0. 
1 . 
0. 
1 . 
0. 
0. 
1 , 
0. 
0, 
9. 

.211117778-

.312218388-
,378935258-
.331913018-
,31610900E-
.17966208E-
,205015258-
.361606358-
.227297518-
.155057138-
.289197598-
.217811278-
.111816318-
.0 
.0 

12 
12 

-11 
12 
13 

•11 
•11 
•11 
•11 
-11 
•12 
-11 
•15 

Table B12. Estimates of proportions of alewife larvae produced in 1975 that were entrained and power plant entrain­
ment coefficients calculated using the dynamic pool model. 

OOHBP PIAKT I . D. 7 0 L 0 8 8 FLOW NOnDBB ENTBAIHEO PBOPORTIOH EKTBATNED 8 1 T . COBFFICIEIT 

10 
I I 
12 
1 3 
14 
I S 
16 

0.318110018*10 
0.327290018*10 
0.669199908*01 
0.771700038*09 
0.821700108*09 
0.153200008*10 
0. 109129998*10 
0.871100068*09 
0.215120008*10 
0.113210018*10 
0.165130018*10 
0.823699978*09 
0.596900118*09 
0.119100008*09 
0.955000008*08 

0.15972 
0.21000 
0.11615 
0.66691 
0.62217 
0.31300 
0.12359 
0.10956 
0.21778 
0.51201 
0.11111 
0.10093 
0.61561 
0.71111 
0.10062 

1688*08 
0008*09 
2618*08 
2508*05 
2008*06 
3 50 8*06 
6318*06 
5108*07 
2608*07 
8808*08 
9008*07 
3258*08 
8818*01 
7338*01 
32SE»02 

0.960197 
0. 126211 
0.250170 
0.100915 
0^371210 
0.206197 
0.251615 
0.656652 
0.118951 
0.307819 
0.219116 
0.607062 
0.170098 
0.139632 
0.601198 

998-03 
898-01 
968-02 
728-05 
178-01 
158-01 
718-01 
728-01 
998-01 
138-02 
728-01 
60F-01 
168-06 
77E-09 
80E-09 

3.27580192B-11 
0.385718588-13 
0.373668018-13 
0.517510408-16 
0.15539710E-15 
0.131593358-15 
0.232701558-15 
0.751121028-15 
0.50768131B-15 
0.211897218-13 
0.15087901E-11 
0.736991228-11 
0.62003366E-17 
0.36820132B-19 
0.53310115E-19 



Table B13. Es t imates o f p r o p o r t i o n s o f y e l l o w perch s tand ing s tock impinged i n 1975 and power p l a n t impingement c o e f f i c i e n t s c a l c u l a t e d us ing the 

dynamic pool model . 

POWER PLANT VOLUME FLCW BIOMASS IMPINGED PRCFCBTICK ICPIkCEO INPINCEMENT COEFFICIENT 

1* 
2 
3 
S 
6 
7 
B 
9 

10 
11* ' 
12 
13 
14 
IS 
16 

C . 3 4 8 1 4 0 C 1 E * 1 C 
0 . 3 2 7 2 9 0 C 1 E * 1 C 
0 . £ 6 9 4 9 9 9 0 E « 0 9 
0 . 7 7 4 7 C C C 3 E * C 9 
0 . 8 2 1 7 0 C I C E * 0 ' ; 
0 . 1 5 3 2 0 0 G G E * 1 C 
C 1 C 9 4 2 9 9 9 E « 1 C 
0 . 8 7 3 4 0 G 0 6 E * 0 9 
0 . 2 4 5 1 2 C C C E * 1 C 
0 . 1 4 3 2 4 C C 1 E * 1 C 
C .16513GC1E«10 
C . E 2 3 6 9 9 5 7 E * C 9 
0 . 5 9 6 9 0 0 1 G E * 0 9 
C11S4CCCCE»C5 
0 .95500CCOE«Cf 

C 2 5 9 0 7 4 4 6 E * 0 3 
G . 9 6 5 3 1 7 1 4 E * 0 3 
0 . 5 4 5 3 0 8 6 9 E » 0 2 
0 . 8 2 1 8 9 8 1 9 E * 0 2 
0 . 4 S 7 £ e 7 5 8 E * C 4 
0 . 4 4 3 7 8 8 4 5 E « 0 2 
0 . 4 3 U 8 C 4 5 E » 0 2 
0 . 4 0 e e 7 l 4 6 E * G 2 
0 . 6 3 1 0 9 7 8 9 E * G 1 
0 . i ; i 7 5 2 5 6 E * C 3 
0 . 5 5 4 6 4 0 6 6 E * 0 2 
0 . 1 C 7 7 2 8 2 7 E * 0 3 
0 . 5 9 5 5 3 8 4 2 E » 0 2 
0 . 1 1 9 2 2 5 3 8 E » 0 2 
C .11E47347E*CC 

0 . 2 5 7 B E - C 4 
0 . 9 6 4 6 E - 0 4 
C . 5 4 2 7 E - C 5 
0 . 8 1 7 9 8 - 0 5 
0 . 4 9 5 5 E - 0 3 
0 . 4 4 I 6 E - 0 5 
0 . 4 2 9 6 E - 0 5 
C . 4 C i 9 E - C S 
0 . C 2 8 0 E - C 6 
0 . 1 5 2 0 E - 0 4 
0 . 5 5 2 0 E - 0 5 
O . I 0 7 2 E - 0 4 
C i 9 < 6 E - C 9 
0 . I 1 8 6 E - C 5 
0 . 1 1 7 9 E - 0 7 

C . T 4 0 ; 7 2 4 3 E - 1 * 
0 . 2 9 4 T 3 3 9 2 E - 1 3 
0 . 8 1 0 S 6 7 1 6 E - I 4 
0 . i a S S 7 9 9 a E - I 3 
0 . 6 0 2 S 7 2 5 9 E - 1 2 
C . 2 8 8 2 7 9 8 7 E - 1 4 
0 . 3 9 2 5 T 5 0 4 E - I * 
0 . 4 6 5 8 7 5 9 1 E - 1 * 
0 . 2 9 6 2 2 1 1 1 E - 1 9 
0 . i a « 1 2 S 8 4 E - 1 3 
0 . 3 3 4 2 S a T a E - 1 4 
C . 1 3 0 1 5 4 0 3 E - 1 3 
C . 9 4 9 S 6 8 0 0 E - 1 * 
C . S 9 S 7 1 3 9 8 E - I * 
C . 1 2 3 4 9 6 T 3 E - 1 S 

Zion ( p l a n t 1) biomass impinged i n 1975 was 0.1420 x 10 . The value i n the t a b l e i s f o r 1974. 
' Waukegan ( p l a n t 11) biomass impinged i n 1975 was 0.6145 x 102. The va lue i n the t a b l e i s f o r 1974. 

Tab le 814 Est imates o f p r o p o r t i o n s o f ye' l low perch eggs produced i n 1975 t h a t were en t ra ined and power p l a n t e n t r a i n ­

ment c o e f f i c i e n t s c a l c u l a t e d us ing the dynamic pool model. 

PCWEf fLANT VOLUME FLCV. NUMCER ENTRAINED PPCPORTICN ENTRAINED ENT. CCEFFICIENT 

1 
2 
3 
5 
6 
7 
B 
9 

10 
11 
12 
13 
14 
15 
16 

0 . 3 4 8 1 4 0 0 1 t * 1 0 
C . 3 2 7 2 9 C C 1 E * 1 0 
0 . 6 6 9 4 9 9 9 C £ * 0 9 
0 . 7 7 4 7 C 0 0 3 E * D 9 
0 .82L7CC1CE*C5 
G.1532COOCE*10 
C . l C 9 4 2 9 9 S t * l O 
C.8734CCGeE*C9 
0 . 2 4 5 1 2 0 0 C E * 1 0 
0 . 1 4 3 2 4 C 0 1 E « 1 0 
0 . 1 6 5 1 3 0 C I E « 1 G 
0 . a 2 3 6 9 ' » 9 7 E * 0 9 
C.5959CC1CE*C9 
0 . 1194000CE*C9 
0 .95500CCC£*C8 

0.0 
0.188000006 + 08 
C.13;£Ct36E*C5 
0 .4526422CE*G7 
C.C 
C.C 
O.C 
C.C 
0 . 0 
0 . 0 
C C 
C O 
CO 
C O 
C O 

0 . 0 
G . 2 4 i a 4 5 8 6 E - 0 3 
0.1747C575E-06 
0.56228528E-C4 
0 . 0 
0 . 0 
0 . 0 
G.O 
C O 
0 . 0 
C O 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

0 . 0 
0 . 7 3 8 9 3 4 2 0 E - 1 3 
0 . 2 t 0 9 4 9 6 8 E - l 5 
C . 3 5 I 6 2 e 4 1 E - 1 3 
0 . 0 
0 . 0 
C.C 
0 . 0 
C.C 
0 . 0 
O.C 
O.C 
0 . 0 
G.O 
C O 



Table 815. Estimates o f propor t ions o f ye l low perch larvae produced i n 1975 tha t were entra ined and power p lan t 
entrainment c o e f f i c i e n t s ca lcu la ted using the dynamic pool model. 

POkER PLANT I . O . VOLUME FLC^ ^U^EEF EMR/ INEC fFOPCBT ION ENTRAINED ENT. COEFFICIENT 

1 
2 
3 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

G . 3 4 a i 4 C C l £ < I C 
0 . 3 2 7 2 9 0 0 1 £ * 1 0 
C.6694999C£*C9 
O.7747CC03£*C9 
0 .8217001CE*C9 
C.1532CCCCE*1C 
0 . 1 0 9 4 2 9 9 9 £ * 1 0 
0.87340CO«E*C9 
U.24512CCCE»I0 
0 . 1 4 3 2 4 0 0 i E * l O 
0 . 165130C1£* IC 
0 . 8 2 J b 9 9 9 7 t * C 9 
0.3969CG1C£*C9 
0 .1194CCCCt*C9 
0 .955J0C0C£«08 

C C 
0.15200COCE*C6 
0 . 1 5 5 2 a e i 6 t * 0 5 
C ' ; i C 2 l ' ; S 4 E * C 6 
0 .0 
C.C 
0.672485e4E*C4 
0.0 
C.C 
0.0 
C.C 
C.C 
0.0 
C.C 

O.C 
C.l968215eE-C3 
0 . 1 9 9 7 6 5 0 5 E - 0 4 
C.11709211E-02 
0.0 
0.0 
C a 6 5 l C l 4 5 E - C 5 
0 . 0 
C.C 
0 . 0 
0 . 0 
C C 
0 . 0 
0 . 0 
0.8 

-15 
0 . 0 
0 .EC136671E-
0 . 2 9 8 3 7 9 2 1 E -
0 . 1 S 1 1 4 4 9 3 E - 1 3 
C.C 
O.G 
0 .79C55147E-16 
G.O 
O.C 
C.C 
C C 
C.C 
C.C 
0 . 0 
0 . 0 

Table 816. Est imates o f p ropor t i ons o f smelt s tand ing stock impinged in 1975 and power p l a n t impingement c o e f f i c i e n t s c a l c u l a t e d using the dynamic 

pool model. 

POWER PLANT I . VCLUME FLOW BIOMASS IMPINGED PROPORTICN IMPINGED IMPINGEMENT COEFFICIENT 

1* 
2 
3 
4 
5 
6 
T 
8 
9 

10 
11* 
12 
13 
I* 
19 
16 

0 .34814CC1F*1C 
0 . 3 2 7 2 9 0 0 1 E 4 1 0 
C . 6 6 9 4 9 9 9 0 E * 0 ^ 
0 . 5 9 6 9 C 0 1 0 E * 0 9 
0 . 7 7 4 7 C 0 0 3 F * 0 9 
O.e217CC10E*C9 
J . 1 5 3 2 0 0 0 0 E * 1 0 
0 . 1 C 9 4 2 9 9 9 E * 1 0 
J . 8 7 3 4 0 0 G 6 E * 0 9 
0 . 2 4 5 1 2 0 0 0 6 * 1 0 
0 . 1 4 3 2 4 C C 1 F * I C 
0 . 1 6 5 1 3 0 0 1 E * I G 
0 . 8 2 3 6 9 9 9 7 E * 0 9 
0 . 5 9 6 9 0 0 1 0 E * 0 9 
0 . l I 9 4 0 0 0 0 E * 0 9 
0 .95500CCOF*Oe 

0 . 2 7 4 C 9 4 I 4 E * 0 5 
0 . I i e i 4 7 7 4 E * 0 3 
0 . 2 9 7 5 8 0 4 1 6 * 0 2 
0 . 2 0 ' [ i a 3 5 0 E * 0 2 
0 . 8 ; 4 3 3 8 3 a E * 0 3 
0 . 6 9 5 0 5 8 6 0 6 * 0 3 
0 . 13607659E»a4 
0 . I 5 9 I 3 7 0 1 E * 0 4 
0 . 7 5 2 f 6 0 2 7 E * 0 1 
0 . 5 5 5 2 2 8 1 1 6 * 0 4 
0 . 2 7 U 6 6 5 0 E * 0 3 
0 . t 0 0 ( 9 6 4 l E * 0 2 
0 . 5 4 1 5 1 0 2 0 E * 0 I 
0 . I 6 C 5 5 5 a 8 E * 0 2 
0 . 2 3 £ 9 4 7 0 0 E * 0 0 
0 . 2 9 a ? 2 7 0 2 E * 0 l 

O . l l I O E - 0 2 
0 . 4 7 3 4 E - C 5 
0 . 1 2 0 5 E - 0 5 
0 . 8 2 6 7 E - 0 6 
0 . 3 5 4 C E - C 4 
0 . 2 8 1 4 E - 0 4 
C . 5 5 I 0 E - G 4 
0 . 6 4 4 3 E - 0 4 
0 . 3 0 4 7 E - 0 6 
0 . 2 2 4 8 E - 0 3 
C . 1 0 9 6 E - G 4 
0 . 2 4 3 2 E - 0 5 
0 . 2 1 9 3 E - 0 t 
0 . 6 5 0 I E - 0 6 
C . 9 5 9 4 E - G 8 
O . I 2 0 8 E - 0 6 

0 . 3 1 8 7 7 6 6 9 E - 1 2 
0 . 1 4 6 l b l 7 4 F - l 4 
C . I 7 9 9 6 7 6 9 E - 1 4 
C . 1 3 a 5 0 3 2 I E - 1 4 
C . 4 5 6 9 6 9 0 2 E - 1 3 
C 3 4 2 4 9 5 7 1 E - 13 
C 3 5 9 6 3 7 8 6 E - 1 3 
C . 5 8 a 8 I C 1 4 E - 1 3 
0 . 3 4 8 9 20 40 E-15 
C . 9 1 7 1 3 5 2 9 6 - 1 3 
0 . 7 6 6 5 0 0 4 4 E - 1 4 
C 1 4 7 2 8 8 8 2 E - 1 4 
C . 2 6 6 1 8 1 8 0 E - 1 5 
C . 1 0 8 9 0 9 4 0 E - 1 4 
C . 8 0 3 5 0 3 2 6 E - 1 6 
C 1 2 5 4 3 9 9 5 E - 1 4 

Zion (p l an t 1) biomass impinged i n 1975 was 0.4263 x 104. The va lue i n the t a b l e i s f o r 1974. 
Waukegan ( p l a n t 11) biomass impinged i n 1975 was 0.5448 x 10^. The value i n the t a b l e i s f o r 1974. 



Tab le 817. Es t imates o f p r o p o r t i o n s o f sme l t eggs produced i n 1975 t h a t were e n t r a i n e d and power p l a n t en t ra i nmen t 

c o e f f i c i e n t s c a l c u l a t e d us ing the dynamic pool model . 

POWER PLANT 1 . 0 . VOLUME FLOW NUMBER ENTRAINED PROPCRTICN ENTRAINEC ENT. COEFFICIENT 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

0 . 3 4 8 1 4 0 0 1 E « 1 0 
0 . 3 2 7 2 9 0 0 1 E * 1 0 
0 . 6 6 9 4 9 9 9 0 E + 0 9 
0 . r 7 4 7 0 0 0 3 E * 0 9 
0 . 8 2 1 7 0 0 1 C E + 0 9 
0 . 1 5 3 2 0 0 0 0 E * 1 0 
0 . 1 0 9 4 2 9 9 9 E H O 
0 . 8 7 3 4 0 0 0 6 E * 0 9 
0 . 2 4 5 1 2 0 0 0 E * 1 0 
0 . 1 4 3 2 4 0 0 1 6 * 1 0 
0 . 1 6 5 1 3 0 0 1E«10 
0 . 8 2 3 6 9 9 9 7 6 + 0 9 
0 . 5 9 6 9 0 0 1 C E + C 9 
0 . 1 1 9 4 0 G C 0 E + C 9 
0 . 9 5 5 0 0 0 0 0 E + 0 8 

0 . 7 4 3 5 9 9 3 b E » 0 9 
O.752O00OOE+O8 
0 . 4 5 2 4 3 6 5 0 b + 0 7 
0 . 7 6 7 6 7 1 9 0 E + 0 7 
0 . 4 9 8 2 7 0 8 0 E + 0 7 
0 . 0 
0 . 2 4 5 8 4 6 8 8 E + 0 6 
0 . 0 
0 . 1 0 0 0 8 9 5 6 E + 0 6 
0 . 2 3 3 6 0 8 5 1 E + 0 9 
C . 3 1 4 6 7 6 1 6 E + 0 8 
0.21424140E+07 

0.0 
O.C 
0.0 

0.15500093E-01 
0.16686500E-02 
0.10039337E-03 
0.17034251E-C3 
0.11056376E-03 
0.0 
0 . 5 4 5 5 2 1 7 4 6 - 0 5 
0 . 0 
0 . 2 2 2 0 9 3 6 0 E - C 5 
0 . 5 1 8 3 6 5 2 0 E - C 2 
0 . 6 9 8 2 5 0 4 9 E - 0 3 
G.47539070E-04 
0 . 0 
0 . 0 
0 . 0 

0 . 4 7 3 9 4 9 9 5 E - U 
0 . 5 C 9 8 3 8 3 2 E - 1 2 
0 . 1 4 9 9 5 2 8 0 6 - 1 2 
0 . 2 1 9 8 8 1 9 5 E - 1 2 
0 . 1 3 4 5 5 4 9 1 E - 1 2 
0 . 0 
0 . 4 9 e 5 l 2 0 9 E - 1 4 
0 . 0 
0 . 9 0 6 0 6 0 9 8 6 - 1 5 
0 . 3 6 1 8 8 5 9 6 6 - 1 1 
0 . 4 2 2 8 4 8 9 3 6 - 1 2 
0 . 5 7 7 1 4 0 3 3 E - 1 3 
0 . 0 
0 . 0 
0 . 0 

t , . , o i * l a r v a e oroduced i n 1975 t h a t were e n t r a i n e d and power p l a n t e n t r a i n -
T a b l e B IB . Es t ima tes o f p r o p o r t i o n s o f smeU l a " a e produceo 
ment c o e f f i c i e n t s c a l c u l a t e d us ing the dynamic pool model . 

POWER PLANT I . D . 
VOLUHE FLCW NUMBEP ENTRAINED PROPORTION ENTRAINED ENT. CCEFFIC IENT 

1 
2 
3 
S 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

0 . 3 4 8 1 4 0 0 1 E + 1 0 
0 . 3 2 7 2 9 0 0 1 E + 1 0 
0 . 6 6 9 4 9 9 9 0 E + 0 9 
0 . 7 7 4 7 D G 0 3 E + 0 9 
0 . 8 2 1 7 0 J I O E * 0 9 
0 . 1 5 3 2 0 G O C E * 1 0 
0 . 1 0 9 4 2 9 9 S E * 1 0 
0 . 8 7 3 4 0 0 0 6 E + 0 9 
0 . 2 4 5 1 2 0 C C E + 1 0 
0 . 1 4 3 2 4 0 0 1 E + 1 0 
0 . 1 6 5 1 3 0 G 1 E + I G 
0 . B 2 3 5 9 9 9 7 E + C 9 
0 . 5 9 6 9 0 G I C E + C 9 
0 . 1 1 9 4 0 0 G C E + C 9 
0 . 9 5 5 0 0 D 0 0 E + D e 

0 . 1 1 9 2 0 4 8 2 E + 0 8 
0.244COCCCE+07 
D . 3 1 3 7 4 5 8 8 E + 0 6 
0 . 1 3 5 2 0 0 8 8 6 * 0 6 
0 . 1 0 1 8 9 2 0 5 E * 0 8 
0 .194278206*07 
0 . 4 3 C 4 9 I 3 8 E + 0 6 
0 . 0 
0 . 6 5 5 6 7 8 9 0 6 * 0 7 
0 .182726596*05 
0 . 1 0 £ e 3 3 8 8 E + 0 6 
0 . 9 8 9 5 8 7 7 0 E + C 7 
0 . 2 4 7 9 5 9 6 7 E + 0 3 
0.146138116+02 
0.52509G33E+03 

0 . 2 6 4 5 0 9 7 7 F - 0 1 
0 . 5 4 1 4 2 4 0 1 6 - 0 2 
0.595135916-03 
0 . 3 0 0 0 0 4 1 5 6 - 0 3 
0 . 2 2 6 0 9 3 5 7 6 - C l 
0 . 4 3 1 0 9 3 9 5 6 - 0 2 
0 . 9 5 5 2 3 9 6 4 E - 0 3 
0 . 0 
0 . 1 4 7 7 1 0 9 3 E - 0 1 
0 . 4 0 5 4 6 1 7 6 E - C 3 
0.241497I5E-03 
0 . 2 1 9 5 8 4 7 4 6 - 0 1 
0 . 5 5 0 2 1 0 5 9 6 - C 6 
0 . 3 2 4 2 7 3 4 4 6 - 0 7 
0.1165150GF-G5 

0 . 7 5 9 7 7 8 5 2 E - I 3 
0 . 1 5 5 4 2 6 2 5 6 - 1 1 
0 . 1 0 3 9 8 6 0 3 6 - 1 3 
0 . 3 8 7 2 5 1 6 1 6 - 1 4 
0.275153166-12 
0 . 2 8 1 3 9 2 6 1 6 - 1 3 
0 . 8 7 2 9 2 2 0 0 6 - 1 4 
O.C 
0.50250553E-I3 
0 . 2 8 3 0 5 4 2 9 6 - 1 4 
0 . 1 4 6 2 4 6 5 1 E - 1 4 
0 . 2 6 6 5 8 3 0 9 F - 1 2 
0 . 9 2 1 7 7 9 4 7 E - 1 7 
0 . 2 7 1 5 8 5 4 8 E - 1 7 
0 . 1 2 2 0 C 5 1 2 E - 1 5 
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